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AfiSTHACT 


This  is  the  final  report  on  an  investigation  of  the  electrical 
properties  of  radomes  containing  metallic  inclasicns  that  may  serve  to 
reinforce  the  radome.  This  aoi k  is  a  continuation  of  that  done  on 
Contract  AF  33  (6l6 ) -3495  ,  and  t.-mpha.si.s  has  been  placed  on  the  resonant  - 
wall  type  of  radome, 

The  res ona nt - aa 1 1  radome  is  desciibcd  as  a  thick  metal  place  perfo¬ 
rated  by  a  number  of  dielectric-filled  resonant  cavities  tuned  to  the 
operating  frequency  of  the  radome.  It  is  electrically  feasible  to  use 
this  metal  plate  by  icsell.  oi  in  conjunction  with  any  of  several 
combinations  of  dielectric  layers.  Empirical  design  data  are  presented 
for  resonant -wa  1 1  ladoinr-i  with  a  dielectric  layer  0.2  \/>  t  to  0.6  A/i't 
thick  in  contact  with  a  mtcal  plate  0.4  K/v'e  to  1.5  X/v'^  thick.  Here  X 
is  the  free-space  wavelength,  and  e  is  the  relative  dielectric  constant 
of  the  material  filling  the  cavities  and  on  the  surface  of  the  roetal 
plate,  Empirical  design  data  are  also  presented  for  a  metal  plate 
0.2  X//r  to  1.6  X/'.'T  thick  thac  is  not  covered  by  dielectric,  The 
measured  power  transmission  and  insertion  phase  delay  of  three  resonant- 
wall  radomes  are  also  presented  as  functions  of  the  angle  of  incidence 
and  polarization  of  the  incident  waves.  Equivalent  circuits  for  resonant- 
wall  radomes  are  presented,  approximate  values  for  the  circuit  elements 
are  deduced,  and  the  electrical  performance  calculated  from  the  equivalent 
circuits  is  compared  with  measured  per  formarice . 

Finally,  descriptions  are  given  oi  the  ocher  metal-loaded  radomes 
considered  briefly  on  this  contract.  These  are  A-sandwich  radomes  with 
wire  grids  located  at  the  skin- to  cure  interfaces;  radomes  containing 
self -resonant ,  perforated  metal  shev:cs,  and  resonant  -  wa  1  '  radomes  using 
air-filled,  ridge-loaded  cavities 
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SECTION  I 


iimoDticrioiH 


Hademes  mou&ttd  on  high^apoed  aircraft  and  tiiaailri  mutt  operate  at 
high  temper aturea  and  be  able  to  withatand  acvere  rain-eroaion  conditiona 
Theae  needa  have  reaulted  in  a  trend  toward  the  uac  of  inorganic  aateriala 
aucK  aa  ceramics,  glass  and  glass-bonded  mica  in  the  construction  of 
radomea.  Such  materials  have  already  been  used  successfully  for  some 
missile  radomea,  but  their  tensile  strength  does  not  appear  to  be  adequate 
to  withstand  the  severe  atreaaea  that  will  be  encountered  in  the  large 
radomea  required  for  aircraft  of  the  future.  As  s  complement  to  Che  search 
for  high-strength  redone  nateriala.  it  is  appropriate  to  investigate 
methods  of  increasing  the  strength  of  currently  available  inorganic  radome 
materials.  Therefore,  the  present  study  is  being  carried  out  to  determine 
the  electrical  performance  of  radomea  containing  various  metsl  inclusions 
thsc  msy  serve  as  reinforcing  members. 

During  a  previous  contract  it  waa  shown  that  several  types  of  metal- 
loaded  radomea  were  promising  from  the  electrical  standpoint.^  Of  these, 
the  resonsnc-wsll  radome  appeared  to  be  the  most  promising;  from  the 
mechanical  standpoint  since  a  relatively  large  percentage  of  the  radome 
is  metsl.  The  basic  resonant-wall  radome  consists  of  a  thick  metal  plate 
perforated  by  dielectric • f i 1  led  resonant  cavities  all  tuned  to  the  same 
frequency,  as  shown  in  Figs.  1(a)  and  1(e).  It  is  also  electrically 
feasible  to  use  the  perforated  metal  plate  in  conjunction  with  layers  of 
dielectric,  as  indicated  \n  Figs.  Kb),  1(c),  and  Ivd). 


*  tr*  lifted  ft  tkf  ffd  of  tkf  rfport. 

Manuscript  released  by  the  author  4  April  i960  for  publication  as  a  WaDD 
Technics!  Report. 
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SEVERAl  RESONANI-WAIL  RAOWtU  CONFIGURATIONS 
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A  iioac  radonMi  of  the  r  (■  i;on  ant  -  a  1 1  type  might  be  similar  to  that  shown 
in  Kig.  J  *  Kxfopi  for  ihu  metal  tip  and  the  mounting  ring,  the  outer 
.surfate  *ouId  be  covered  with  solid  dielectric  to  provide  protection 
against  rain  erosion.  It  has  been  suggested  by  WADC  that  a  r esonant - *b 1 1 
radon.e  wiiliout  the  dielectric  cover  might  have-  poor  rain-erosion  resistance 
because  of  the  many  d  i  e  1  ec  t  r  i  c  - 1  o  -  r.e  t  a  1  joints  exposed.  No  dielectric  is 
.shown  on  the  inner  surface  of  the  metal  plate,  since  there  is  no  mechanical 
reason  to  have  it  there.  Inder  .le rodynami c  loading,  a  radome  wall  is  sub¬ 
jected  to  both  compressive  .iitd  tensile  loads.  Since  inorganic  dielectrics 

*  -i  i«i4  cut  co«ir«l  «ktk  laciiuivd  vfri*« 

2  2'^  Q  iic2r«»c,  Iv.  K»r  d(Wr  r*do««  alupvt  (k«  cai^C)  i^youi  <d«p»rt 
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no.  2 

KOSE  RAOOME  Of  THE  R£SONANT*WAU.  TYPE  COVERED  WITH  DIELfCTRlC 


n«ve  greater  coetpre&jiive  strength  than  tensile  strength,  there  might  be 
some  advantage  in  using  the  metal  structure  to  place  the  dielectric  shell 
or  ahclls  Under  c  o.T.p  r  c  s  a  I  Oft  ,  !  «  .  to  jirs*  -  Rt  re.ss  the  rsdoise. 

In  this  report,  empirical  design  data  will  be  presented  specifically 
for  the  radone  configurations  illustrated  in  Figs,  llai  and  lib).  Suffi¬ 
cient  information  is  contained  in  the  data  that  a  limited  number  of  radomes 
of  the  configurations  shown  in  Figs,  lu  )  and  lid)  can  al.so  be  designed. 

In  addition  to  the  design  data,  the  measured  power  tiansmission  and  inser¬ 
tion  phase  delay  are  presented  for  one  radoroe  using  the  configuration  of 
Fig.  lls)  operated  at  its  first-order  and  second-order  resonances,  and  for 
one  radome  using  the  configuration  of  Fig  Ub)  The  use  of  approximate 
equivalent  circuits  for  «..al  cul  at  mg  the  electrical  performance  of  resonant- 
wall  radomes  is  discussed,  and  the  calculated  performance  of  the  above- 
mentioned  radome  samples  is  comp.ired  with  the  measured  performance  In 
addition  to  the  resonant-wall  radomes  with  dielectric- filled  cavities, 
which  are  the  major  subject  of  thi.s  report,  brief  consideration  is  given 
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Lo  the  following  metal - loaded  radomes :  A-aundwich  radones  containing  wire 

I  containing  F^sonant  ^eFfoFat^d^^ntal  shoetaf  and  taaonant* 

wall  radonea  uaing  air-filled,  ridge-loaded  cavitiea. 

The  metal  inclusions  considered  here  consist  of  elements  whose  center- 
to-center  spacing  is  sufficiently  small  that  only  the  principal  transmitted 
and  reflected  waves  need  be  considered,  t.e.,  the  metal  inclusions  do  not 
radiate  diffracted  waves.  Greater  spacing  for  the  loading  elements  is  not 
considered  since  it  is  felt  that  diffracted  waves  would  decrease  the  trans¬ 
mission  efficiency  of  the  radomc,  contribute  to  the  side-lobe  level  of  the 
antenna  used  with  the  radome,  and  contribute  to  the  boresight  error  of 
the  radome. 
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SBCTIOS  II 


B£soiuprr-wALL  fuoo«es 

FUNDAMENTAL  CONSIDERATIONS 

In  order  to  obtain  high  transmission  through  a  thick  perforated  metal 
plate  it  is  necessary  that  the  diameter  of  each  aperture  be  suf cicntly 
large  that  the  dominant  TE^j  circular-waveguide  mode  can  propagate  through 
the  apertures.  Each  length  of  circular  waveguide,  together  with  the  re¬ 
active  discontinuities  at  its  ends,  forms  a  resonant  cavity  that  will  have 
high  transmission  efficiency  at  its  resonant  frequency.  Thus,  the  operating 
frequency  roust  be  above  the  cut-off  frequency,  for  the  dominant  mode 

as  given  by  Eq .  ( 1) : 

f  =  — kiloroegacycles,  (1) 

1.706  fjD 

where 

D  -  diameter  of  the  cavities  in  inches 

=  relative  dielectric  constant  of  the  material  in 
the  cavities. 

In  order  for  the  resonant  cavities  to  function  as  single-mode  transmission 
lines,  the  first  higher-order  TM^jj  mode  should  be  below  cut-off.  This 
condition  requires 

11-80 

/  <  - 7=~  k  i  1  omegacyc  1  es  v2) 

•'  l.SOb'TjD  ®  ^ 

Even  if  the  TMg j  mode  can  propagate  in  the  cavities,  however,  it  will  not 
affect  the  radotne  performance  unless  the  operating  frequency  of  the  radome 
is  near  a  resonance  of  this  mode.  Sinco  the  TEj ^  and  TM^ j  modes  have 
different  guide  wavelengths,  and  since  the  two  modes  see  ilifferent  reactive 
discontinuities  at  the  surfaces  of  the  radome.  it  is  possible  in  principle 
to  separate  their  resonances  by  proper  design.  Thus,  it  should  be  possible 
to  exceed  the  inequalit-y  of  Eq.  (2)  slightly.  It  is  not  possible  to 
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calculate  the  separation  between  the  resonances  of  the  two  modes,  however, 
since  the  reactive  discontinuities  at  the  radome  surface  differ  by  an  un¬ 
known  amount  for  the  two  modes.  For  on^  resonant-wall  radome,  designated 
as  Radome  B  later  in  this  report,  the  inequality  of  £q.  (2)  was  exceeded 
by  about  25  percent,  and  evidence  was  observed  of  slight  interference  by 
the  TMjj  j  mode. 

Another  condition  to  be  fulfilled  by  a  resonant-wal 1  radome  is  chat 
the  center-to-center  spacing  be  sufficiently  small  that  none  of  the  inci¬ 
dent  energy  will  be  transferred  from  the  main  beam  of  the  antenna  to 
diffracted  waves.  Diffracted  waves  are  undesirable  since  they  reduce  the 
gain  of  the  antenna  a>id  raise  the  side-lobe  level,  and  may  contribute  to 
the  boresight  error  of  the  radome.  When  the  well-known  criteria  for  no 
diffraction  from  a  uniformly-spaced  linear  array  are  generalized  for  a 
two-dimensional,  plane  array  of  apertures,  Eq  (3)  results:* 


s  1 

A-  <  - -  (3) 

A  '  ^2  ^  ^ 

where 

s  -  center-to-center  spacing  of  the  cavities 

K  »  free-space  wavelength 

Sj  -  relative  dielectric  constant  of  material  in  contact 
with  the  surface  of  the  metal  plate 

(?  =■  angle  of  incidence  of  the  impinging  wave  measured 

outside  the  radome  with  respect  to  the  normal  to 
the  radome  surface 

^  ^1  for  cavities  arranged  in  a  square  array 

•  0.5'.  3  for  cavities  arranged  in  a  hexagonal  array. 


The  upper  frequency  limit,  f at  which  a  resonant-wall  radome  can 
be  designed  to  operate  satisfactorily  will  be  taken  as  the  highest  fre¬ 
quency  for  which  both  Eqs .  (2l  and  (3)  are  satisfied;  and  the  lower 

frequency  limit  is  f  The  maximum  frequency  bandwidth  within  which  a 


*  Equation  (3)  expreaaes  the  co&ditioo  for  no  diffraction  vitbio  n  dielectric  layer  io  contect  with  tbe 
perforated  »et*l  plete.  If  (3)  la  not  aetiafied,  but  the  correapondia#  equetion  with  €«  equal  Co 
unity  It  aatiified,  the  waves  diffracted  io  the  dielectric  will  Dot  radiate  into  apace,  but^will  be 
totally  reflected  at  the  dielectric*to«air  iatcrface.  Eveo  though  these  vavea  are  aot  radiated  directly, 
they  Bay  degrade  the  radoBe  perforBince  by  eacitiug  eurfecc  wevee  i&  the  dielectric  layer. 
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resonant ‘wal  1  radome  can  be  designed  to  operate  is  And  is  given 

by  Eq.  (4)  or  Eq.  (S),  whichever  gives  the  smallei  bandwidth^ 


Uii 


1.706 
1.  306 


1, 306  -  ^ 


(4) 


/.»  ^  1^706>^  0 

/ . .  ^U'^2  +  sin  5)  s 


where  ^  is  a  negligibly  small  positive  quantity  such  that  the  inequalities 
of  Eqs.  (2)  and  (3)  are  just  satisfied 

In  practice,  the  actual  usable  bandwidth  of  a  particular  resonant-wall 
radome  will  be  smaller  than  the  limits  specified  by  Eqs.  (4)  and  (S).  It 
will  be  shown  later  in  this  report  that  a  resonant-wall  radome  designed  to 
operate  far  from  will  have  a  larger  usable  bandwidth  than  one  designed 

to  operate  near  since  the  electrical  thickness  of  the  cavities  varies 

rapidly  with  frequency  at  frequencies  near  /...  Thus,  it  will  be  assumed 
for  the  purposes  of  the  following  discussion  that  it  is  desirable  to 
design  the  radome  to  have  a  resonance  frequency  as  far  from  as  possible. 

The  frequency  band  within  whxch  the  radome  may  be  designed  to  operate 
changes  with  various  radome  parameters  as  shown  in  Figs.  3  through  6.  In 
these  figures,  the  horizontal  line  represents  the  maximum  frequency  for 
single-mode  propagation  in  the  cavities.*  and  the  sloping  line  represents 
the  maximum  frequency  for  no  multiple  scattering  within  the  dielectric. 

The  area  below  and  to  the  left  of  these  curves  represents  the  region  within 
which  the  radome  may  be  designed  to  operate  Figure  3  shows  that  for  a 
given  ratio  of  wall  thickness  (between  cavities)  to  cavity  spacing,  the 
ratio  is  larger  for  the  cavities  in  a  hexagonal  array  than  for 

the  cavities  in  a  square  array,  and  for  either  cavicy  configuration,  the 
ratio  is  increased  only  slightly  by  reducing  the  maximum  angle 

of  incidence  from  85  degrees  to  60  degrees  ^  Figure  3  also  illustrates 
that  the  mechanical  requirement  for  thick  walls  between  the  cavities  is 


*  Ai  4lr«*dy  beet  Mttioaed.  it  id  poetiblc  w  opertce  •  ve «otttt*«gi I  *itb  s^re  tbea  oa«  tode 

above  eut*off.  If  tbe  reealti  obieiacd  aitb  Radose  B  cea  be  feaeral&aed  to  apply  to  all  ?aaoaaat«vaU 
radoMit  tbea  eitrapolatioa  cf  tbe  aiopiaf  Uae»  to  tbe  v^ps  of  Fifv.  3  tbroafh  6  «ould  be  jvutified. 

♦  Tbia  ia  BoC  to  be  coafuaed  viib  tbe  fact  that  tbe  uaable  baadvidtb  of  tKc  rado«e,  eithia  which  ebe 
traaaaiaaioa  coafficiaat  ia  freatar  tbaa  a  specified  ainiau*  value,  «ill  increase  Akjr  ficaatly  as  the 
•axiauM  aafla  of  iacideace  ia  raduead  froa  dS  tc  60  decrees. 
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MAXIMUM  OPERATING  FREQUENCY  OF  RESONANT-WALL  RADOMES; 
INCIDENCE  ANGLE  AND  CAVITY  ARRAY  AS  PARAMETERS 
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MAXIMUM  OPERATING  FREQUENCY  OF  RESONANT-WALL  RADOMES; 
DIELECTRIC  CONSTANT  AS  A  PARAN^ETER 
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MAXIMUM  OPERATING  FREQUENCY  OF  RESONANT-WALL  RADOMES; 
DIELECTRIC  CONSTANT  r,  AS  A  PARAMETER  (€2  >9) 


0  0.2  0.4  as  o.t  1.0 


»-P  ,  WALL  THICKNESS 

•  'cavity  spacing 


FIG.  6 

MAXIMUM  OPERATING  FREQUENCY  OF  RESONANT-WALL  RADOMES; 
DIELECTRIC  CONSTANT  Cj  AS  A  PARAMETER  (  €3  =  U 


not  cuapatible  with  tho  tlcctrical  requirenent  lor  the  frequency  bandwidth 
to  be  aa  large  aa  posaible.  From  thia  figure  one  can  conclude  that  the 
usable  bandwidth  of  a  rcaonant'Wail  radomc  will  bn  increased  by  using  a 
hexagonal  array  of  cavities  instead  of  a  square  array,  by  restricting  the 
maximum  angle  of  incidence,  and  by  decreasing  the  ratio  of  wall  thlckneaa 
to  cavity  spacing. 

It  is  shown  in  Fig.  4  that  for  an  (s  “  £))/*  ratio  greater  than  about 
0.15,  the  ratio  increases  as  the  dielectric  constant  of  the 

material  filling  the  cavities  and  covering  the  aurface  of  the  metal  plate 
is  increased.  Caution  must  be  used  however,  in  drawing  concluaiona  re¬ 
garding  the  effect  of  changing  £j  and  £3  on  the  usable  bandwidth  of 
resonant- wal 1  radomes  since  there  are  two  effects  to  consider.  One  effect 
is  that  as  the  dielectric  constant  is  increased,  the  radorae  can  be  operated 
farther  from  the  cut-off  frequency  of  the  cavities  so  that  the  guide  wave¬ 
length  in  the  cavities  (and  thus  the  electrical  thickness  of  the  csvities) 
does  not  change  as  rapidly  with  frequency.  Thia  effect  tends  to  increase 
the  bandwidth  of  the  radomc  as  the  dielectric  constant  is  increased.  The 
other  effect  is  that  as  the  dielectric  constant  increases,  the  difference 
between  the  impedance  of  the  radome  and  that  of  free  apace  increases,  which 
tends  to  reduce  the  bandwidth  of  the  radome.  For  resonant-wall  radomea 
operating  close  to  the  cut-off  frequency  of  the  cavities,  the  first  effect 
is  likely  to  dominate,  and  for  radomes  operating  far  from  the  cut-off 
frequency  of  the  cavities,  the  second  effect  is  likely  to  dominate* 

Changing  only  the  dielectric  constant,  fij,  of  the  material  filling 
the  cavities  has  a  greater  effect  on  than  changing  both  £j  and 

€3  together,  as  can  be  seen  by  comparing  Figs.  4  and  5.  This  suggests 
that  for  a  given  surface  dielectric  chosen  on  the  basis  of  mechanical 
properties,  the  widest  bandwidth  might  be  obtained  by  using  a  material  of 
different  dielectric  constant  to  fill  the  cavities.  It  is  not  obvious 
whether  €3  should  be  greater  or  less  than  since  the  same  problem  of 
mixed  effects  discussed  with  respect  to  Fig  4  also  occurs  here. 

When  the  resonant - wal 1  radome  has  one  or  both  surfac  s  covered  with 
dielectric,  the  cavities  must  be  packed  much  closer  together  (in  order  to 
avoid  exciting  diffracted  waves  in  the  dielectric)  than  when  the  surfaces 
of  the  resonant-wall  radome  are  not  covered  with  dielectric,  as  can  be 


*  TSc  utiblt  bindvidtk  (or  t  (iT*a  mtiaiuB  (r*ata:*f ioa  cificiaacy  aitl  alao  dapaad  oa  tha  diaaipatioa 
leaa  cibia  thi  dialiciric,  •>  aeil  oa  iht  ditlcclrir  coa.itaat. 
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seen  by  edspeting  Figs.  S  anti  6  *  Thus,  the  walls  between  the  cavities 
c&n  be  ffisde  thicker  when  the  surfaces  of  the  metal  plate  are  not  in  direct 
contact  v^th  leycrs  ot  vhwv^  th^y  r-an  tKa  aarfacaa  ara  i« 

direct  contact  with  dielectric  layers, 

EMPIRICAL  DESIGN  DATA 

MtASURtMeNT  TeCHNiQUC 

The  insertion  loss  of  several  radome  samples  mounted  in  waveguide  was 
measured  as  a  function  of  fretiuency  by  conventional  techniques.  Some  of 
the  samples  had  a  dielectric  layer  on  one  surface  of  the  metal  plate,  while 
the  rest  of  the  samples  did  iiot  have  a  dielectric  layer  on  either  surface. 
The  data  showed  the  way  in  which  resonance  frequency  and  bandwidth  depend 
on  the  thickness  of  the  metal  plate  and  on  the  thickness  of  the  surface 
dielectric.  Only  one  value  of  dielectric  constant,  and  one  value  of  wall 
thickness  between  cavities  was  used  in  obtaining  these  data.  Waveguide 
was  used  in  these  measurements  since  the  samples  could  be  smaller  and  more 
accurate  data  could  be  obtained  than  in  free  space,  however,  waveguide  is 
subject  to  the  limitations  that  only  perpendicularly  polarized  waves  are 
readily  obtainable,  r,nd  for  a  given  waveguide  width  only  one  incidence 
angle  can  be  obtained  at  a  given  frequency  The  data  taken  with  waveguide 
samples  are  intended  to  show  what  radome  dimensions  give  the  desired 
resonance  frequency  and  bandwidth  for  perpendicularly  polarized  waves 
incident  at  wide,  angles  The  electrical  performance  as  a  function  of  in¬ 
cidence  angle  and  polarization  must  be  determined  using  other  techniques 
and  larger  samples. 

One  of  the  resonant -wal 1  radome  samples  is  shown  partially  disassembled 
at  the  bottom  of  Fig.  7.  When  inserted  between  the  flanges  of  the  wave¬ 
guide  shown  at  the  top  of  Fig.  7,  the  cavities  in  the  sample  are  mirrored 
in  the  walls  of  the  waveguide  so  that  the  sample  is  equivalent  to  an  in¬ 
finite  plane  sample  with  the  cavities  in  a  square  array.  The  wave  incident 
on  the  sample  is  equivalent  to  two  plane  waves  polarized  perpendicular  to 
the  plane  of  incidence,  at  angles  6  and  ~9 ,  as  explained  in  Appendix  B  of 
Ref.  1.  The  angle  of  incidence  is  related  to  the  width,  o.  of  the  wave¬ 
guide  and  the  free-space  wavelength.  by  Eq  (6): 

s  in  ■  -  •  1 6 ) 

2a 


*  Kdi*  (.kat  Fif.  6  a  diffareat  acale  oa  Lkt  al)a;ia<a  !:kaB  do  Fi|s.  3,  Z,  aad  i. 
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fiG.  7 

RESONANT-WAli  RAOOME  S/WPlf  AND 

WAVEGUIDE  TEST  SECTIONS  _  _ _ 

To  obtain  proper  mi rror- imaging  of  the  cavities  into  a  square  array  a 
special  cross  -  sec t i on  waveguide  was  fabricated,  the  two  halves  of  which 
are  shown  in  Fig.  7.  At  the  center,  where  the  radome  samples  are  inserted, 
the  width  is  exactly  twice  the  height,  and  the  inside  dimensions  taper  to 
those  of  standard  2-  by  1-inch  waveguide  at  the  ends. 

The  dimensions  of  the  samples  are  shown  in  Table  1.  Supramica  500 
was  used  as  the  dielectric  since  this  is  a  high-dielectr ic-constant 
material  that  can  be  readily  machined.  For  simplicity,  a  square  array  of 
cavities  was  used  since  a  hexagonal  array  cannot  be  mirrored  properly  in 
the  waveguide  walls  without  placing  metal  walls  through  some  of  the 
cavities  Since  the  bandwidth  of  resonant -wal i  radomes  is  narrowest  for 
perpendicularly  polariied  waves  incident  at  wide  angles,  the  samples  were 
made  with  resonance  frequencies  sufficiently  low  that  the  incidence  angles 
were  about  60  degrees. 
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TA&L£  1 


Of  H£^AM  WALL  tUtXI&  SAJitPLLS  TLSTLD  IN  WAVLOtlDC 


ArraafMwat  of  cavitiM 

— j 

%usra  array 

DiajMUir  of  cavities,  £ 

0  810  inch 

CaaUf-ta-caotar  spacing  of  cavities,  i 

0.9d6  itieli 

Ratio  of  («  -  i))/a 

0.128 

Psrcsal  of  miMl  plats  raplscsd  by  dialettttc 

60  potesot 

IViokasss  of  wsul  plats, 

6.S  to  2  0  iaeb 

Tbiekasss  of  surfscs  dislactric, 

0  3  to  0.7  tack 

Disltctrie  is  csvitica  sad  oo  surface, 
itotsrisl 

Relative  dielectric  cooaiast,  t 

Loss  tsasaot,  tso  i 

Cut-off  iraqusocy  of  csviliea 

SupraisiCB  300 

6^* 

0  0031“ 

3  33  VRc 

BsAgo  of  raaoAssce  frcqueocica 

3.4  to  6.4  kik 

laaids  cross  ssetioo  diaetiaiaaa  of  special 
•sveguida. 

Ntsr  ridfuaa  aaaple 

At  eada  cotm.-n  lag  to  stsadard  waveguida 

0.936  by  1.872  isch 

0  672  by  1.872  iacb 

*  Viltwt  ■•iu«r44  »itk  tk«  |r«t>  •laikl*  i*  tW»  tHrcjMftAtcvlai  !•  lit* 

«U«'irie  (i<U.  TV«  ••!»«  t  -  i.V  mttk  tkr  irii*  paratld  attk 

•  laclrtc.  itdi  u  im  cioMr  h-*****^  gitet  by  lOM  Mifftl- 


HCSOMXNT-iALL  RaCOWCS  WlTMOUT  SURFACE  DjIELECTHIC 

0«tA  were  teken  et  the  firet -order  end  second-order  reeoneoces  of  the 
samples  that  had  no  dielectric  lev^>^  either  surface  of  the  metal  plate 
but  had  dielectric  within  the  cavities  At  the  first-order  resonance,  the 
radome  is  approximately  one-half  guide-wavelength  thick  measured  in  the 
circular  waveguides,  thus  the  radome  is  somewhat  analogoui  to  a  conven¬ 
tional  half-wavelength  radome.  At  the  second-order  resonance,  the  radome 
ia  approximately  one  guide-wavelength  thick,  analogous  to  a  conventional 
ful 1 -wavelength  radome. 

The  lower  curve  in  Fig.  8  shows  the  required  thickness,  Ij,  of  th- 
metal  plate  as  a  function  of  the  diameter,  D,  of  the  cavities  in  the  metsl 
plate  for  the  radome  operated  at  its  first-order  resonance  frequency.  Each 
of  the  cavities  is  a  length  of  circuler  waveguide  through  which  energy  is 
transferred  Ln  the  dominant  T£.^  circular-waveguide  mode.  The  cavities 
are  somewhat  leas  than  one-half  thick  because  of  the  reactive  discon¬ 
tinuities  present  at  the  air -to- radome  interfaces.  Here  K^j  ii  the  guide 
wavelength  of  the  TE^ ^  mode  in  the  cavities  and  is  given  by  Eq .  (7); 

A^ _ 

?3IV 

U  706  d) 

where  \j  »  ^  e j  -  the  wavelength  measured  in  the  dielectric. 
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METAL  PUTE  THICKNESS  AS  A  FUNCTION  Of  CAVITY  DIAMETER  FOR  RESONANT-WAU 
RADOMES  WITHOUT  SURFACE  DIELECTRIC 
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WAVELENGTH  IN  THE  OlELECTRtC 


Sihcc  th6  guide  «jiVcieAgf,.h  docf^.e^ci  aft  the  cavity  diaactcr  it  incrtaaed. 
the  laetai  plate  thiekBeai  fei^uifed  tot  the  radoase  to  be  resabatit  at  a  gtvea 
frequency  alao  decreaaea  aa  the  cavity  diameter  ia  increaacd.  For  a  given 
cavity  diameter  and  operating  frequency,  other  valuea  for  the  thiekneaa 
of  the  metal  plate  can  be  obtained  by  increaaing  the  length  of  the  cavitica 
by  nX^^/2t  «here  n  ia  any  poaitive  integer.  Meaaured  valuea  of  metal  plate 
thiekneaa  for  the  aecond“Order  reionanee.  t.e..  n  »  ere  given  by  the 
upper  curve  in  Fig.  8.*  The  particular  incidence  angle  at  which  theae 
curvea  apply  for  each  value  of  0/K^  ia  ahown  by  the  lower  curve  in  Fig.  9. 
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FIG.  9 

BANDWIDTH  AND  TRANSMISSION  AS  FUNCTIONS  OF  CAVITY  OlAiSlFTER  FOR 
RESONANT  WALJ.  RAOOMES  WITHOUT  SURFACE  DIELECTRIC 

Tl»  •ilr«pal«(*4  eorltoa  a(  it*  Irati  cart*  is  i'lf,  I  «»•  aai«)«*4  if  aiiatractkaf  o«a-l*l( 
M«*Ua|ca  {torn  IM  •j»p*r  ciitf. 
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A»  the  cttvity  diameter  is  irtcreased.  ttie  •avtlftfiglh  becowEs 

l«a»  ire<{ui«&cy-s«na).tiva.  Lecauic  the  tcsoiiatit  fte((uchcy  of  the  t  situac  ts 
faitHcr  ftam  the  cut»eii  irei^uencv  lor  the  It,  aode  Therelore.  the 
electrical  length  t»£  the  cavities,  defined  as  hetoacs  leas  frequency 

aanaitive  as  the  cavity  diaaetct  la  inctcaacd  In  additmn,  the  reactive 
diacontinuitiCB  at  the  ends  of  the  ravitics  {itobably  decrease  as  the  cavity 
diameter  is  increased.  As  s  rcnult  uf  these  effects,  tl.c  handaidth  of 
resdnsut^wal 1  ridomea,  when  operated  at  either  the  first.’  or  the  second- 
order  resonance,  increases  ss  the  caviiy  diaacter  •hireascs.  The  curves 
of  Fig.  9  show  that  near  the  cut-off  of  the  TL,,  mode  the  bandvidth  is 
nearly  a  linear  function  of  cavity  diameter 

At  a  given  doaign  frequency,  if  the  cavity  diasreior  is  fixed  and  the 
rnetol - plate  thickneas  is  increased  by  '2  to  obtain  the  second-order 
reaonance.  Fit;  ^  ahoas  that  the  resulting  bandwidth  is  approximately  half 
that  for  the  first-order  resonance  Although  a  given  change  in  frequency 
results  in  the  same  percent  change  in  electrical  length  of  the  cavities 
at  both  resonances,  a  larger  change  in  lerm^  of  degrees  occurs  for  the 
radone  operated  at  the  aocund-order  resonance  This  situation  is  anaiogoua 
to  the  decrease  in  bandwidth  resulting  if  the  thickness  of  a  conventional 
ha  1 f- wavel ength  radoae  is  increased  to  obtain  a  f ul 1  -  wave  1 ength  radonie 
Corresponding  to  the  narroacr  bandwidth,  the  tr snsuiss ion  coefficient  ta 
smaller  at  the  second-order  resonance  than  at  the  lowest  -order  resonance 

On  the  other  hand,  if— at  a  given  design  frequeney  —  the  metal-plate 
thickness  is  fixed  and  the  radome  is  tuned  to  the  first-order  and  the 
second-order  resonances  by  varying  the  cavity  diameter,  the  situation  is 
more  complex.  The  electrical  length.  of  the  cavities  is  greater 

at  the  second-order  resonance,  which  tends  to  reduce  the  bandwidth  how¬ 
ever,  the  guide  wavelength  is  lens  frequency  sensnivt  at  the  second 
resonance  since  the  cavities  are  larger  in  diameter,  which  tends  to  in¬ 
crease  the  bandwidth  This  latter  factor  has  the  greatest  influence  on 
the  bandwidth  since  Fig.  10  shows  that  for  •  f.xcd  retal -plate  thickness, 
wider  bandwidth  and  higher  transmission  art-  obiaini-d  at  c  he  second -order 
resonance  than  at  the  firsl-urder  resonance 

Resonant -wal 1  radomes  of  the  configuration  illustrated  in  Fig  ltd) 
can  also  be  designed  using  the  data  presented  in  Fig  8  provided  that  the 
layer  of  dielectric  is  a  conventional  half  wavelength  radome  It  would 
also  be  necessary  for  the  spacing  between  the  dielectru  layer  and  the 
metal  plate  to  be  an  appreciable  fraction  ol  the  ta  it>  spacing  .vo  that 
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the  local  fields  at  the  surface  of  the  netal  plate  would  not  extend  into 
the  dielectric  layer  aigniftcantly .  If  these  conditions  sre  fulfilled, 
both  the  metal  plate  and  the  dielectric  sheet  will  be  well  matched  as 
individual  units,  and  the  spacing  between  them  will  not  be  a  critical 
dimension.  The  bandwidth  of  this  combination  would  be  only  slightly  less 
than  that  shown  in  Figs.  9  and  10,  since  the  bandwidth  of  the  perforated 
metal  plate  is  significantly  less  than  that  of  a  half-wavelength  radome. 

The  transmission  coefficient  of  the  combination  at  resonance  would  be 
approximately  the  product  of  the  transmission  coefficients  of  the  perforated 
metal  plate  and  of  the  dielectric  layer. 


f  m  *  t  •  m 


Resonant-Wall  Raoomes  iitu  Dielectric  on  One  Sureace 


The  data  for  the  radome  samples  with  dielectric  on  one  surface  are 
summarized  in  Fig.  11.  In  this  figure,  the  solid  lines  are  contours  of 
constant  cavity  diameter,  and  the  dashed  lines  are  contours  of  constant 
3-db  bandwidth.  The  curves  of  Fig.  11  are  normalized  so  that  they  can  be 


thickness  of  WE7AL  PLATE 
Xj  *  wavelength  in  the  dielectric 

FIG.  10 

BAWDWIDTH  AND  TRANSMISSION  AS  FUNCTIONS  OF  METAL-PLATE  THICKNESS  FOR 
RESONANT-WAU  RADOMES  WITHOUT  SURFACE  DlElfCTRlC 


•  *  •  a  \ 
a  •  .  ^  A  ' 
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DIAMETER  AND  BANDWIDTH  CONTO  !RS  FOR  RESONANT -WALL  RADOMES 
WITH  OlElfCTRIC  IN  CONTACT  WITH  ONE  SURFACE 


used  to  design  resonsnt-wsll  rsdoaea  to  operate  at  frequencies  other  than 
those  used  in  testing  the  samples.  The  D/k^  ratio  would  be  chosen  on  the 
basis  of  the  bandwidth  required,  and  the  possible  corabinations  of  metal 
plate  and  surface  dielectric  thicknesses  found  from  Fig.  11.  If  the  sane 
cavity  layout,  dielectric  constant,  and  (s  ~  D)/s  ratio  are  used,  the 
rsdome  will  be  resonant  at  the  desired  frequency  for  perpendicularly 
polarised  waves  incident  at  the  angle  given  on  Fig.  11.  It  would  also  be 
possible  to  use  the  information  contained  in  Fig.  II  to  obtain  approximate 
designs  for  resonant-wall  radomes  using  a  different  dielectric  and  having 
the  cavities  in  a  hexagonal  array,  «a  will  be  explained  on  pp.  21  to  24 

Although  the  contour  curves  shown  in  Fig.  11  are  nearly  straight  lines, 
which  probably  cover  the  region  of  practical  interest,  caution  must  be  used 
in  extrapolating  the  curves.  It  is  known,  for  instance,  that  as  the  surface 
dielectric  becomes  thin  and  the  local  fields  at  the  enda  of  the  cavities 
cross  the  dielectric-to-air  interface,  the  curves  change  slope  rapidly  to 
connect  with  the  pointa  along  the  abaciaaa.  There  may  be  a  similar  effect 
as  the  metal  plate  becomes  thin  and  the  local  fields  at  the  two  ends  of 
each  cavity  interact.  These  effects  were  not  investigsted  in  detail  since 
neither  likely  to  be  small  in  an  actual  reaonant-wall 

radome . 

Note  that  for  each  value  of  cavity  diameter,  there  is  a  value  of 
dielectric  thickness  such  that  the  resonance  frequency  of  the  radome  is 
the  same  whether  the  dielectric  layer  is  present  or  absent.  This  special 
value  for  the  thickness  of  the  dielectric  layer  can  be  found  by  drawing  a 
line  parallel  to  the  ordinate,  passing  through  the  point  along  the  abscissa 
for  the  particular  value  of  cavity  diameter.  The  intersection  of  this 
line  with  the  respective  f>/\j  contour  gives  the  special  value  of 
When  this  is  done  for  various  values  of  cavity  diameter,  it  is  found  that 
^2/^2  from  0.41  to  0.44.  If  adding  a  layer  of  dielectric  of  this 

thickness  to  one  surface  of  the  metal  plate  does  not  change  the  resonance 
frequency,  then  adding  a  second  dielectric  layer  of  this  thickness  to  the 
other  surface  of  the  metal  plate  would  not  change  the  resonance  frequency 
either.  Thus.  Fig.  11  supplies  a  limited  c.mount  of  data  for  designing 
resonant-wall  radomes  with  dielectric  layers  in  contact  with  each  surface 
of  the  metal  plate,  as  shown  in  Fig.  1(c).  Comparing  Figs.  9  and  11.  it 
is  seen  that  adding  one  dielectric  layer  to  the  metal  plate  does  not  greatly 
change  the  3-db  bandwidth.  Thus,  it  is  not  expected  that  adding  the 
second  dielectric  would  change  the  3-db  bandwidth  significantly  It  should 
be  kept  in  mind  that  these  data  apply  for  perpendicularly  polarized  waves 

20 
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incident  at  a  fixed  angle,  thus  they  do  not  provide  sufficient  information 
on  which  to  baae  a  comparison  between  the  usable  bandwldlhs  of  the  Various 
radome  configurations  considering  a  wide  range  of  incidence  angles  and 
polarizations. 

In  addition  to  providing  design  data.  Fig.  11  shows  some  of  the 
general  properties  of  resonant -wal 1  radomes  with  dielectric  on  one  surface. 
One  conclusion  that  can  be  drawn  is  that  in  order  to  obtain  the  widest 
possible  bandwidth  the  radome  should  be  designed  to  operate  as  far  from 
cutoff  of  the  cavities  as  possible,  i.e.,  with  D/^j  as  large  as  possible. 
Another  conclusion  is  that  for  a  given  D/K^  ratio  less  than  about  0.68, 
the  bandwidth  increases  slightly  as  the  thickness  of  the  metal  plate  ia 
decreased,  but  for  larger  D/K^,  the  bandwidth  is  independent  of  the  thick¬ 
ness  of  the  metal  plate.  A  third  conclusion  is  that  the  tolerance  on  the 
thickness  of  the  metal  plate  would  be  less  stringent  than  that  on  the 
thickness  of  the  surface  dielectric.  Thi.s  can  be  seen  from  Fig.  11  since 
the  resonance  frequency  changes  less  with  a  given  change  in  metal  plate 
thickness  than  for  the  same  change  in  the  dielectric  thickness. 

Generalization  of  the  Design  Data 

In  obtaining  the  data  presented  in  Figs  8  through  11,  only  a  limited 
number  of  the  sample  parameters  were  varied.  Techniques  for  applying  this 
design  data  to  other  resonant-wall  radomes  will  now  be  considered  briefly. 
Although  the  data  were  obtained  with  samples  operating  within  the  frequency 
range  from  3.4  to  6-4  kMc,  these  data  can  be  used  to  design  resonant-wall 
radomes  to  operate  at  any  frequency  by  normalizing  the  radome  dimensions 
with  respect  to  wavelength,  as  was  done  for  Figs.  8  through  11.  For 
greatest  accuracy  in  applying  these  data,  the  dielectric  constant,  ratio 
of  (s  —  f))/s,  layout  of  the  cavities,  polarization,  and  incidence  angle 
should  be  as  specified  on  the  figures.  If  these  parameters  are  changed, 
the  discontinuities  at  the  ends  of  the  cavities  will  change,  and  the 
actual  resonance  frequency  will  be  only  approximately  equal  to  the  desired 
value. • 

Next  consider  generalization  of  the  bandwidth  data.  In  discussing 
the  bandwidth  of  resonant  radomes  it  is  convenient  to  u..e  the  concept  of 
Q  discussed  in  Ref.  1  (on  pp.  113  to  117).  For  the  convenience  of  the 
reader,  the  various  Q' s  of  a  resonant-wal 1  radome  will  be  reviewed  briefly. 

*  Teckaiquei  for  dcteraiaiBi  tk«  eiftet  cf  ctwaaisf  iIm  ditcoaciauii 4t  tAe  ckvity  •«da  (ill  be 
coatidcred  oa  pp.  38  to  43  (id  32  co  S4. 
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By  definition,  the  0  of  e  resonant  device  is  proportional  to  the  ratio  of 
the  average  stored  energy  divided  by  the  energy  loet  eyeie.  The  an- 
loaded  Q,  Qg ,  of  the  radome  is  determined  by  dissipation  loss  in  the  metal 
surfaces  and  in  the  dielectric  by  the  relation 


Here  is  the  Q  due  to 
be  determined  from  Fig. 
dissipation  loss  in  the 


dissipation  losa  in  the  metal  surfaces,  and  can 
VI-3  of  Ref.  1,  or  from  Montgomery. *  The  Q  due  to 
dielectric  is 


tan  S 


(9) 


where  tan  B  is  the  loss  tangent  of  the  dielectric  For  moat  combinations 
of  metal  and  dielectric,  Qg  is  spproximstely  equal  to  The  external 

Q,  <?£■  is  that  due  to  the  energy  coupled  out  of  the  ends  of  the  cavities 
into  space,  and  the  loaded  Q,  Q^,  is  that  due  to  all  sources  of  energy 
loss,  and  is  related  to  and  Qg  by  £q.  (10); 


1 


(10) 


The  loaded  Q  of  a  radome  sample  can  be  readily  determined  by  measuring 
the  insertion  loss  of  the  sample  as  a  function  of  frequency.  The  is 
then  found  using  Elq.  (11): 


<?t 


(11) 


where  f  ^  is  the  resonance  frequency  as  indicated  by  minimum  insertion  loss, 
and  an!  /j  are  the  upper  and  lower  frequencies,  respectively,  at  which 
the  insertion  loss  is  3  db  greater  than  at  /^.  The  3-db  bandwidth  of  the 
radome  is,  by  the  usual  definition,  equal  to  lOO/Q^^  percent.  Assuming 
chat  the  loss  tangent  of  the  dielectric  and  the  conductivity  of  the  metal 
used  in  the  sample  are  known,  the  of  the  sample  can  be  calculated  using 
Eqs  (8).  (9).  and  (10). 
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Equations  were  derived  in  Ref.  1  for  the  external  Q  of  reaonanb-wall 
radomes  with  constricted  coupling  apertures  at  the  ends  of  the  cavities 
Although  these  equations  do  not  give  the  correct  nuaerical  Value  for  the 
Qg  of  the  radomes  being  considered  here,  they  do  suggest  that  for  D/k^  and 
Ij/Xj  held  constant, 


(12) 


when  perpendicularly  polarized  waves  are  incident  on  the  radome,  and 


when  parallel-polarized  waves  are  incident  on  the  radome,  where  6  and  A 
are  as  defined  under  Eq.  (3).  and  F  is  a  constant  of  proportionality. 

Thus,  once  Qg  has  been  measured  for  one  resonant- wal 1  radome  sample, 
the  factor  F  can  be  evaluated  and  the  3-db  bandwidth  can  be  approximately 
determined  for  resonant-wall  radomes  with  the  same  Djk^  and  lj/^3  ratios, 
but  with  different  dielectric  constant,  loss  tangent,  conductivity,  and 
cavity  spacing,  and  operating  at  different  incidence  angles  with  waves  of 
either  polarization.  If  the  Qq  of  the  radome  is  not  changed,  it  is  con¬ 
venient  to  make  one  further  approximation  and  substitute  for  Qg  in 
Eqs.  (12)  and  (13).  This  approximation  will  be  justified  in  the  following 
paragraphs . 

Finally,  consider  generalization  of  the  transmission 
transmission  coefficient  of  a  resonant-wall  radome  at  its 
quency  can  be  calculated  from  the  (?’ s  defined  above  using 
relations  given  in  Eq.  (14): 


(a) 

(b)  114) 

(c) 


data.  The  power 
resonance  fre- 
the  well-known 
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Thus,  by  th«  use  of  Eqs .  (8)  through  (14)  the  trsnsmission  at  resonance 
c#n  for  reBonaat-«al )  ra«io»«  ether  thee  these  used  te 

obtain  the  design  data  of  Figs.  8  through  11, 

For  radomes  of  practical  interest,  is  not  much  less  than  unity; 
thus  Eq.  (I4a}  shows  that  can  be  substituted  for  Qg  for  some  approximate 
calculations.  If  the  loss  tangent  of  the  dielectric  and  the  conductivity 
of  the  metal  in  the  radoroe  are  not  known,  Eq.  (14b)  can  be  used  to  determine 
Qg  from  the  measured  insertion  loss  at  the  resonance  frequency.  It  should 
be  pointed  out,  however,  that  small  errors  in  the  measured  at  resonance 
can  introduce  large  errors  in  the  calculated  value  of  Qq  if  the  insertion 
loss  at  resonance  is  small. 

MEASUHED  PERFORMANCE  AS  A  FUNCTION  OF  INCIDENCE  ANGLE 

Radorae  samples  mounted  in  waveguide  can  be  used  to  determine  the 
dimensions  required  for  the  radome  to  be  resonant  at  a  given  frequency, 
as  was  described  on  pp.  11  to  20.  It  is  not  convenient,  however,  to 
measure  the  electrical  performance  of  radomes  as  a  function  of  incidence 
angle  and  polarization  using  samples  mounted  in  waveguide.  The  incidence 
angle  and  the  polarization  of  the  incident  wave  can  be  readily  changed 
using  flat  radome  panels  in  free  space,  but  this  method  has  the  disad¬ 
vantage  that  relatively  large  radome  samples  are  required.  As  a  compromise 
between  the  flexibility  of  free-space  measurements  and  the  small  samples 
required  for  waveguide  measurements,  a  measurement  set-up  using  a  parallel- 
plate  transmission  line  has  been  developed.  A  flat-strip  radome  sample, 
such  as  that  shown  in  Fig.  12,  is  mirrored  in  the  conducting  surfaces  of 


tke  L£aai>^si££iQii  line  to  simulste  a  fiat-pafl«l  radotne  cample.  Details  of 
the  aeaaureaent  technique  are  described  in  Appendix  A. 

The  physical  dimensions  of  a  resonant-wall  radome  sample  tested  in 
the  parallel -plate  transmission-line  set-up  are  given  in  Table  2.  The 
radome  sample  operated  at  the  first  resonance  will  be  referred  to  as 
Radome  A,  and  the  sample  operated  at  the  second  resonance  will  be  referred 
to  as  Radome  B.  As  presented  here,  Radomes  A  and  B  have  the  same  physical 
dimensions,  but  are  operated  at  different  frequencies.  They  are  referred 
to  as  separate  radomes  since  they  would  not  have  the  same  physical  dimen¬ 
sions  if  scaled  to  operate  at  the  same  frequency.  The  dimensions  of 
Radomes  A  and  B  are  given  in  Table  3  in  terms  of  wavelength. 

The  measured  power  transmission  coefficient  and  insertion  phase  delay 
of  Radome  A  are  shown  in  Fig.  13  for  several  frequencies.  Of  the  curves 
shown,  high  transmission  was  obtained  for  waves  polarized  perpendicular 
to  the  plane  of  incidence  over  the  widest  range  of  incidence  angles  at  a 
frequency  of  84IS  He.  When  the  transmission  of  waves  polarized  parallel 
to  the  plane  of  incidence  is  also  considered,  the  best  operating  frequency 
is  8450  He.*  At  this  frequency,  at  least  80  percent  of  the  incident  power 
is  transmitted  for  incidence  angles  up  to  70  degrees.  As  the  incidence 
angle  varies  from  0  to  70  degrees,  the  insertion  phase  delay  varies 
56  degrees  for  perpendicularly  polarized  waves,  and  68  degrees  for  parallel 
polarized  waves.  As  is  well  known,  the  variation  in  insertion  phase  delay 
depends  on  the  physical  thickness  of  the  radome  aa  well  as  on  the  type  of 
radome.  Thus,  for  the  purpose  of  this  study,  the  insertion  phase  delay 
characteristics  of  the  resonsnt-wall  radomes  will  not  be  compared  directly 
with  those  of  conventional  uniform-dielectric  radomes  since  the  two  types 
of  radomes  would,  in  general,  have  different  physical  thicknesses.  A  more 
general  comparison  is  obtained  by  comparing  the  variation  in  insertion 
phase  delay  of  the  radome  with  the  variation  in  electrical  thickness  of 
an  air  path  of  the  same  physical  thickness  as  the  radome.^  For  Radome  A, 

*  For  pirallel  pol*ri>t4  ••ic*.  tk«  p«rtll«l-pl»t*  troBoaiooioo- ott-up  do«*  aol  prorid*  dot*  o»  tk* 

•  ItrCricil  pcrforMECa  at  wall  iacidaaca  aaptaa,  aa  aaplatatd  ia  Appaadia  A.  Alao,  tka  accaraey  of 
tka  poiata  akoaa  at  tka  aaallait  iaeidaaca  aaflaa  (or  paral la 1-poltr iiad  aaraa  ia  ralatiaaly  poor. 

Tkata  ara  aot  larioaa  lisitatioaa  ia  taatiaf  tka  raaoaaat  aall  radoaat  kaia(  coaaidarad  kara,  liaca  tka 
alactrical  parforaaaea  ia  aapaetad  to  vary  aaootkly  at  aaall  iacidaaca  aaflaa,  aa  iidieatad  ky  tka  daakad 
eaiiaa  axtrapolatad  kack  to  taro  iacidaaca  aafla. 

^  Tka  iaiartioa  ■  -aa  dalay,  \li,  of  a  radoaa  ia  dafiaad  aa  tka  diffaraaca  kataaaa  tka  pkaaa  dalay,  i^',  of  a 
aa*a  paaaiaf  .•  >mk  tka  radoaa  aad  i2irf./X)  coa  6,  tka  alactrical  tkickaaaa  of  aa  air  pack  of  tka  aaat 
icftl  tki  t,  tt  tk«  radovt.  H  of  •  rtdo«e  aot  c^aafe  gr*atiy 

•  ilk  iaeiotfi  .«  •alia,  6,  tka  pkaaa  dalay  i/r'  aill  aot  ckaa|a  graally  aitk  iacidaaca  aa|lc.  Tkaa  >t  it 
to  ka  capa.  .ad  ikat  tka  aariacioa  ia  vitk  iacidaaca  ta|la  aill  ba  of  tka  aaaa  otdar  of  aafaitude  at 
tka  rttiactoa  ia  (inl/X)  coa  6. 


2S 


WADD  TR  60-84 


DIMENSIONS  OF  H£SOtMNT-WALL  RAIXUiE  SAMPLES  A  AND  B 
IN  PHYSICAL  UNITS 


AtritigbtMnt  of  ctvilito 

Heaegoeal  Array 

OiiMicr  of  cavitiM,  D 

0.3125  inch 

C«ot«r>to-eoater  apacinf  of  cayiiiea,  t 

0. 360  inch 

Ratio  of  taall  thicknaaa  batoaao  cavitiaa 
to  apacing  of  cavitiaa,  (a  ~  D}/t 

0.132 

Thickueaa  of  aetal  plate,  Ij 

0.250  inch 

Dielectric  in  cavitiaa: 

Material 

Relative  dielectric  coaatant,  Cj 

Loaa  tangent,  tan  Sj 

Aluaiina  ceranic* 

8.66* 

0.0018* 

Height  of  aaioplo 

O.SKK)  inch 

Length  of  aaapla 

2i  inchea 

*  tUttrial  aupplicd  by  Raytbaoa  MaaBfaetariac  Ceapaay,  Valtbu,  Haaaacbaaatta 
^  Mtaittrad  valaaa. 


TABLE  3 

DIMENSIONS  OF  RESONAI^'-WALL  RADOME  SAMPLES  A  AND  B 
IN  TERMS  OF  WAVELENCIH 


(UDOME  A 

hadohe  B 

Order  of  reaooancc 

First 

Second 

Reaaoance  frequency  at  wide  incidence 
anglea  (perpendicular  polaritation) 

8.43  kMc 

12.2  kMc 

Free-apace  eavelength  at  reaooance,  A 

1.401  inches 

0.968  inch 

Wavelength  iu  the  dielectric  at 
reaonance,  Aj 

0  476  inch 

0.329  inch 

Guide  eavelength  at  reaonance,  A^j 

1.058  inch 

0.418  inch 

OiaaMter  of  cavitiaa.  D 

0.65t  Aj 

0.950  Aj 

Thickueaa  of  netal  plate, 

0.525  Aj 

0  760  Aj 

Electrical  length  of  cavitiea,  Ij/A^j 

0.236 

0.598 

Center- to-centcr  apacing  of  cavitiea,  r 

0,257  A 

0.372  A 

7hickAe*a  of  radoac.  L 

_ 1 

0, 178  A 

0.258  A 

TRANSMISSION  COCFFICICNT 
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INSERTION  PHASE 


POWER  rUIMSMlSSION  COEPPICIEMT 


INSERTION  PHASE  OEEAY  -  dcgfMt 


thtt  variation  in  inaeftion  phaae  delay  ia  greater  than  the  variation  in 
the  electrical  length  of  thia  air  path  hy  14  dcgreca  for  perpendicularly 
polarited  wav«a,  and  26  degree!  for  paral lei -polar t red  wavee. 

The  perfornance  of  the  radomo  aa  a  function  of  frequency  Can  be  more 
readily  viaueliied  by  oeana  of  Fig.  14.  Figure  14<a}  ahuws  that  the 
reaonaace  frequency  and  bandwidth  of  the  redone  are  functional  of  the  in¬ 
cidence  angle  for  perpendicularly  polarited  wavea.  The  frequency  reaponae 
fur  auall  incidence  anglca  ia  aufficicntly  broad  that  when  the  radome  ia 
operated  at  the  reaonance  frequency  for  pcipendtcular ly  polariaed  wavea 
incident  at  wide  anglca,  high  tr ansmiasion  ia  obtained  over  a  wide  range 
of  incidence  angina.  Figure  14(b)  ahuwo  ihac,  for  paral lei -pular ixed  waves, 
the  insertion  lost  increai^e:,  rapidly  for  incidence  angles  greatei  than 
70  degreea  over  the  frequency  range  of  interest.  Thus,  the  aaaiuuu 
incidence  angle  for  which  (ladome  A  can  be  used  is  deternined  by  the  trans- 
niasion  coefficient  for  par  a  1  lei -polar i zed  waves. 

Figure  14  can  also  be  used  to  determine  the  bandwidth  of  the  radome 
for  given  rainimua  transmission  coefficient  and  range  of  incidence  angles. 

The  3‘dh  bandwidth*  and  the  transmission  coefficient  at  resonance  for 
perpendicularly  polarized  wavea  are  plotted  in  Fig.  IS  aa  functions  of  the 
incidence  angle.  The  agreement  between  the  measured  points  and  the  upper 
two  curvea  in  Fig.  IS  supportr  the  approximate  generalization  techniques 
suggested  on  pp.  21  to  24-  The  cosine  curve  was  drawn  through  the  measured 
bandwidth  at  d  »  0,  and  agrees  well  with  bandwidth  at  other  incidence 
angles.  The  top  curve  was  calculated  using  the  found  from  the  solid 
curve,  and  using  a  value  of  SOO  for  Q^.  This  was  measured  with  a  single 
cavity  mounted  in  rectangular  waveguide  in  the  process  of  measuring  the 
dielectric  constant  and  loss  tangent  of  the  alumina  ceramic  filling  the 
cavities  The  of  the  radome  should  not  be  significantly  different  from 
this  value. 

it  is  of  interest  (o  compare  the  bandwidth  of  this  i esonant -wal 1 
radome  with  that  of  a  more  familiar  uniform  dielectric  radome,  even  though 
the  radomes  do  not  have  exactly  the  same  physical  thickness  The  Sdb 
bandwidth  of  Radome  A  for  perpendicularly  polarized  waves  incident  at  wide 
angles  is  smaller  by  a  factor  of  0.17  than  that  of  a  half -wavelength  radome 
with  a  dielectric  constant  of  <■  =  8  66.  Although  this  favtor  does  not 

*  TV*  b**ii*i4lV  V*t»***  tk*  (ri^vwBci**  vVirb  ih*  ia.«<ctiDa  lot  tt  I  dl.  kigVc;  ik.e  tt  rouetac*  i* 

coMidviritti  (bis  is  ibe  f^srrsl  cf  bis^wiiib  A.^  pp.  3)  to 

24.  tbs  bsiwdvidcb  »c«au4td  /cr  oas  ;«B0g,4O(*«sll  isde**  cs*.  b:  sppr >  wp,.li>rd  i.-  .-.b«r 
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HG.  15 

M£ASURED  BAMDWtOTH  AND  THAMSMISSION  OF 
RESONANT-WALL  RAOOME  SAMPLE  A 

tpply  to  ill  resonant-will  ridomea.  it  does  emphasixe  the  fact  that 
reaonant-wall  radomes  are  narrow-band  structures. 

Also  of  interest  is  the  bandwidth  of  the  radome  within  which  the  treni- 
eiiasion  coefficient  does  not  fall  below  a  given  ninimua  value.  Thia  ainiaua 
acceptable  value  will,  of  course,  depend  on  the  application  for  which  the 
radoae  is  intended.  As  e  representative  value,  the  bandwidth  for  a  Bininun 
power  transmission  of  70  percent  for  both  perpendicularly  and  parallel 
polarixed  waves  is  shown  by  the  lower  curve  in  Fig.  IS 

The  reaonence  frequency  end  3-db  bendwidth  predicted  by  Figs.  8  end  9 
for  perpendiculerly  polarixed  wevea  incident  at  ^  »  57  are  aa  followa. 

The  predicted  resonance  frequency  ia  8-48  kMc,  which  is  only  0.6  percent 
higher  than  the  observed  resonance  of  8.43  kUc.  This  is  good  agreement 
considering  that  the  approximate  techniques  of  pp  21  to  24  were  used,  but 
better  accuracy  would  be  desirable  if  the  radome  were  to  be  used  at  inci¬ 
dence  angles  greater  than  60  degrees  The  predicted  3'db  bandwidth  is 
4.0  percent,  which  is  nearly  equal  to  the  observed  value  of  4.2  percent. 
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The  measured  power  transmission  coefficient  and  insertion  phase  delay 
of  [ladome  B  are  shown  in  Fig.  16  for  several  frequencies.  High  transmission 
is  obtained  over  the  widest  range  of  incidence  angles  at  12.2  kMc.  At  this 
frequency,  at  least  90  percent  of  the  power  is  transmitted  for  incidence 
angles  up  to  70  degrees  for  either  perpendicularly  or  parallel  polarized 
waves  incident  on  the  radome.  At  least  80  percent  of  the  power  is  trans¬ 
mitted  for  incidence  angles  up  to  about  80  degrees.  As  the  incidence  angle 
varies  from  0  to  80  degrees,  the  insertion  phase  delay  vanes  86  degrees 
for  perpendicularly  polarized  waves,  and  102  degrees  for  parallel-polarized 
waves.  These  variations  are  9  degrees  and  25  degrees  greater,  respectively, 
than  the  variation  in  the  electrical  thickness  of  a  layer  of  air  of  the 
same  physical  thickness  as  the  radome. 

The  transmission  of  the  radome  at  wide  incidence  angles  is  shown  as 
a  function  of  frequency  in  Fig  17.  It  is  seen  that  the  transmission  of 
perpendicularly  polarized  waves  drops  off  as  the  frequency  departs  from 
12.2  kMc,  but  the  transmission  of  paral lei -polarized  waves  is  relatively 
independent  of  frequency.  Figure  18  shows  that  for  Radome  B,  as  well  as 
for  Radome  A,  the  3-db  bandwidth  and  the  transmission  at  resonance  vary 
with  incidence  angle  as  suggested  by  Eqs.  (12),  (13),  and  (14).  Figures  8 
and  9,  together  with  the  approximate  techniques  of  pp.  21  to  24.  predict 
the  resonance  frequency  to  be  12.37  kMc,  and  the  3-db  bandwidth  to  be 
9.8  percent  for  perpendicularly  polarized  waves  incident  at  an  a  'e  of 
35  degrees.  Although  data  were  not  taken  over  a  sufficiently  wide  fre¬ 
quency  range  to  accurately  determine  the  resonance  frequency  and  bandwidth 
at  such  a  small  incidence  angle,  the  predicted  values  seem  to  fit  in  very 
well  with  the  values  observed  at  wide  incidence  angles.  The  3-db  bandwidth 
of  Radome  B  for  perpendicularly  polari'zed  waves  incident  at  wide  angles 
is  smaller  by  a  factor  of  0.47  than  that  of  a  ful 1  -  wave  length  radome  with 
a  dielectric  constant  of  €  =  8.66. 

Comparing  the  electrical  performances  of  Radomes  A  and  B,  it  is  seen 
that  at  their  center  frequencies  Radome  B  gives  high  transmission  for  waves 
of  either  polarization  over  a  wider  range  of  incidence  angles  than  does 
Radome  A.  Also,  Radome  B  has  a  larger  bandwidth  than  Radome  A  when  opera¬ 
tion  out  to  a  given  incidence  angle  is  considered.  The  3-db  bandwidth  of 
Radome  B  is  larger  than  that  of  Radome  A  by  a  factor  of  1.43.  The  band¬ 
width  0.*'  Radome  B  for  =  0.7  is  twice  that  of  Radome  A  at  6  ~  70°,  and 
this  difference  increases  for  larger  incidence  angles. 
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INSERTION  PHASE  DELAY 


Th.£  iasertian.  phasa  de¬ 
lay  o£  Radoiae  B  varies  with 
incidence  angle  more  than 
that  of  nadome  A,  since 
Radome  D  is  the  thicker  of 
the  two  as  measured  in  free- 
space  wavelengths  at  the 
respective  operating  fre¬ 
quencies.  It  should  be 
pointed  out  however,  that 
Radome  B  is  probably  thinner 
than  some  of  the  other  ra¬ 
dome  configurations  suggested 
in  Fig.  1,  and  thus  could 
be  expected  to  have  less 
variation  in  insertion  phase 
delay  than  some  configura¬ 
tions.  For  both  Radomea  A 
and  B,  the  insert io.v  phase 
delay  varies  with  incidence 
angle  a  few  degrees  more  than  does  the  electrical  'thickness  of  an  air  path 
the  same  thickness  aa  the  radomea.  For  uniform-dielectrf t  half -wavelength 
and  ful 1-wavelength  radomea,  the  inaertion  phase  delay  varies  leas  than 
the  electrical  thickness  of  an  air  path  the  sane  thickness  as  the  radome.' 
Thus  it  appears  that  resonant-wall  radomea  of  the  type  illustrated  in 
Fig.  Kb)  would  have  slightly  higher  boresight  error  than  uniform-dielectric 
radomea  of  the  same  physical  thicknesa. 

The  diameter  of  the  cavities  in  Radome  B,  measured  in  terms  of  wave¬ 
length  in  the  dielectric,  ia  sufficiently  large  that  the  TMg|  mode  can 
propagate  in  the  cavities,  aa  well  aa  the  dominant  mode.  The 

mode  will  not  couple  to  nerpendicularly  polarised  waves  incident  on  the 
radome,  but  it  will  couple  to  parallel-polarised  waves.  If  a  resonance 
of  the  TMq^  mode  occurs  near  the  operating  frequency  of  the  radome,  this 
mode  might  degrade  the  tranamiaaion  or  phase  characteriatica  of  the  redone. 
While  testing  the  sample  of  Radome  B  with  waves  containing  both  perpen¬ 
dicularly  and  parallel  polarized  componenta,  a  sharp  dip  in  the 

*  r>i-  Mtaplt,  for  I  k»H-iiiv*U^ek  ;tdo««  nitb  (  ■  9.S,  dMicMd  ter  Bexlaua  treataietisa  it  $  ■  IS  da- 
ireie,  tic  veriitioa  ia  iaetrciea  phite  dalay  tor  perpaadieularly  pelarirtd  aiTai  ai  tia  iaeidiaea  aaslt 
varic*  trca  0  tc  70  difrtic  ii  1}  da|rcai  Icic  tkaa  tia  Ttriakiea  ia  tie  aleetrieil  tkiekaaea  et  tka 
*ir  pith,  Tke  earreipoidiai  tifura  tor  a  tull-aavalaiftk  radeae  aitk  tka  aaaa  paraaatera  ie  II  desrtoi. 


FIG.  16  (Continued) 

WEASURED  TRANSMISSION  AND  PHASE  DELAY  Of 
RESONANT-WAll  RADOME  SAMPLE  B 
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FIG.  18 

MEASURED  BANDWIDTH  AND  TRANSMISSION  OF 
RES0NANT<WA11  RAOOME  SAMPLE  B 

transmission  vs.  frequency  curve  was  observed  extending  from  about  12.5 
to  12.7  k^'c,  with  the  power  transmission  dropping  to  about  43  percent  at 
the  lowest  point.  It  is  assumed  that  this  dip  is  due  to  a  resonance  of 
the  TNig  j  mode.  For  this  particular  radome,  the  THq  ^  mode  did  not  interfere 
with  the  electrical  characteristics  within  the  frequency  band  where  the 
radome  is  usable  at  wide  incidence  angles;  thus  detailed  data  on  the  shape 
of  the  dip  were  not  taken.  This  demonstrates  that  £qs.  (2)  and  (4)  do  not 
necessarily  have  to  be  satisfied,  provided  care  is  taken  to  keep  resonances 
of  the  mode  away  from  the  operating  frequency  of  the  radome.  No  data 

other  than  the  preceding  are  presently  available,  however,  for  predicting 
the  resonance  frequency  for  the  TM^ ^  mode. 

tlCUIVALENT  CIRCUITS  OF  RESONANT-WALL  RADOMES 
General 

The  transmission  ar  reflection  coefficients  for  a  ray  striking  a 
particular  point  on  a  curved  radome  can  be  calculated  assuming  these 
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cpeff invents  to  be  the  seme  ss  those  for  an  infinite  plane  panel  of  the 
some  rsdome  material  with  a  plane  wave  incident  at  the  same  angle  and  with 
the  same  polarization  as  the  ray  in  question.  This  assumption  is  justified 
for  the  usual  case  where  the  radii  of  curvature  of  the  radome  are  large 
relative  to  the  wavelength  of  the  incident  energy.  The  electrical  per¬ 
formance  for  the  plane-panel,  plane-wave  case  can,  in  turn,  be  calculated 
using  microwave  filter  theory,  provided  that  an  equivalent  circuit  is  known 
for  the  radome  panel.  This  approach  was  used  extensively  on  the  previous 
contract^  to  calculate  the  power  transmission  and  insertion  phase  delay  of 
radome  panels  containing  metal  structures  whose  equivalent  circuits  are 
known. 

The  resonant-wal 1  radome,  however,  has  not  been  analyzed  theoretically 
to  determine  its  exact  equivalent  circuit.  Therefore,  an  experimental 
program  was  conducted  to  obtain  design  data  for  resonant-wall  radomes .  In, 
addition,  the  power  transmission  and  insertion  phase  delay  were  measured 
as  functions  of  incidence  angle  and  polarization  of  the  incident  wave  for 
some  specific  radome  designs.  The  information  obtained  from  this  program 
also  made  it  possible  to  deduce  equivalent  circuits  that  describe  the 
behavior  of  the  radomes  to  a  fair  degree  of  approximation. 

Resonaht-Wall  Radomes  Without  Surface  Dielectric 

The  physical  aimilarities  between  the  basic  resonant-wall  radome 
(i.e.,  one  without  surface  dielectric)  and  other  structures  for  which  the 
eq’..-: >  alent  circuits  are  known,  suggested  that  the  equivalent  circuit  of 
Fig.  19  might  be  used  to  describe  the  radome  in  question.  This  equivalent 
circuit  can  be  valid  only  if  the  center-to-center  spacing  of  the  cavities 
is  sufficiently  small  that  none  of  the  energy  is  transferred  from  the 


EQUIVAl£NT  CIRCUIT  OF  RESONANT-WALL  RADOMES  WITHOUT 
SURFACE  DIELECTRIC 
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incident  wive  to  diffracted  waves,  i.e.,  Eq.  (3)  nuat  be  aatitfied.  It 
ia  assumed  that  in  practice  this  equation  would  be  satisfied  to  avoid 
deterioration  of  the  antenna  pattern  used  with  the  radome.  ft  is  also 
assumed,  as  a  simplification,  that  the  cavities  are  sufficiently  close 
together  that  the  surface  of  the  radome  appears  isotropic  to  the  incident 
wave.  A  well»de£ined  criterion  for  isotropy  in  a  structure  of  this  kind 
does  not  exist. 

Energy  propagates  through  the  metal  plate  by  means  of  the  many 
circular-waveguide  transmission  lines;  thus,  the  metsl  plate  can  be  repre 
sented  as  a  transmission  line  of  appropriate  characteristic  admittance, 
I'j,  electrical  length,  and  attenuation  constant,  Oj,  In  the  region 

of  each  air-to-radome  interface,  there  are  nonpropagating  modes  required 
to  satisfy  the  boundary  conditions  at  the  surfaces  of  the  radomes.  Since 
energy  is  stored  in  these  modes,  their  presence  can  be  accounted  for  by 
the  shunt  susceptances  in  Fig.  19.  Approximate  values  for  the  circuit 
parameters  were  deduced  as  follows. 

It  is  seen  intuitively  that  the  nonpropagating  fields  in  free  space 
near  one  surface  of  the  resonant-wall  radome  would  be  very  similar  to 
those  on  each  side  of  a  zero- thickness  perforated  metal  sheet  with  the 
same  aperture  diameter  and  spacing  as  the  radome.  Thus,  the  expression 
for  the  susceptance,  B^,  at  each  surface  of  the  radome  should  contain  one 
term  equal  to  half  the  shunt  susceptance  of  a  zero-thickness  perforated 
metal  sheet.  There  will  also  be  nonpropagating  modea  present  inside  the 
circular-waveguide  cavities,  which  will  contribute  a  second  term  to  the 
expression  for  It  will  be  shown  later  that  it  is  also  convenient  to 

take  these  latter  nonpropagating  modes  into  account  by  shifting  the 
reference  planes,  at  which  the  equivalent  circuit  is  taken  as  valid,  out 
of  the  planes  of  the  radome  panel  surfaces.  Formulas  are  not  available 
for  calculating  the  equivalent  shunt  susceptance  or  the  reference-plane 
shift  due  to  the  nonpropagating  modes  in  the  circular  waveguides,  and  for 
initial  calculations  they  were  neglected  completely.  That  is,  the  shunt 
susceptance  at  each  surface  of  the  metal  plate  was  taken  to  be  half  that 
of  a  zero- thickness  perforated  metal  sheet,  as  given  by  Eq.  (15): 
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where,  as  before 

{1  for  a  s.'juarc  array  of  cavities 

““ 

O.S  '-3  for  a  licxa^onal  army  of  cavities 
s  B  centcr-to-ccntcr  spaciat^  of  the  cavities 
i  >  ('.iametcr  of  tSiC  cavities 
X  *  free-s'iace  wavelength. 

Equation  (IS)  was  used  for  the  case  where  the  incident  waves  ute  polarixci! 
parallel  to  the  plane  of  incidence  as  well  as  for  the  case  wltcrc  the  in¬ 
cident  waves  ore  polarized  perpendicular  to  the  plane  of  incidence. 

Equation  (III-IO)  of  lief.  1,  which  gives  the  theoretical  shunt  susceptance 
of  a  thin  perforated  metal  sheet  with  paral lei -polar ized  waves  incident 
on  it,  contains  a  term  involving  the  squared  sine  of  the  angle  of  incidence 
This  term  accounts  for  coupling  through  the  apertures  of  a  thin  sheet  by 
the  equivalent  of  the  circular-waveguide  mode.  For  the  present 

application,  this  term  is  not  required  since  the  resonant-wall  radome  is 
sufficiently  thick  that  coupling  through  it  by  the  ^  mode  would  have 
negligible  effect  on  the  end  susceptances . * 

The  characteristic  admittance,  Fj ,  of  the  metal  plate  containing  the 
dielectric-filled  cavities  is  another  circuit  parameter  that  has  not  been 
evaluated  theoretically.  The  parameter  Fj  can  be  calculated  for  any 
resonant-wall  radome  whose  resonance  frequency  has  been  measured,  subject 
to  the  assumption  that  the  end  susceptance,  is  known.  This  calculation 
makes  use  of  the  fact  that  the  midplane  admittance  of  a  symmetrical 
structure  is  purely  real  at  resonance,  and  is  conveniently  carried  out 
using  simple  graphical  constructions  on  the  Smith  chart.  The  parameter 
F3  was  evaluated  for  a  resonant-wall  radome,  whose  dimensions  were  given 
under  iladome  A  in  Tables  2  and  3.  It  was  noted  that  the  value  of  Fj  re- 
sultin,”  from  these  calculations  was  nearly  equal  to  the  value  obtained  by 
suitably  modifying  a  formula  given  by  Marcuvitz.*  These  modifications  are 
described  in  Appendix  D,  and  the  resulting  formula  is  given  by  Eq.  (16): 


*  It  actually  sakaa  lattla  differaaca  la  tba  calculatad  poaar  traDasiaaioa  i-d  iaaartioa  pbaaa  delay 
•  betber  tbia  aiaa-aquarad  tars  ta  includtd  or  aaflactad,  Tba  Maaitrad  alavi..'ical  parlorsaact  afraaa 
ali(btty  battar  eith  that  calculated  nc|lecti>(  the  etne-eauered  tars. 


#ADD  TH  60  84 


39 


Cj  ^  a  constant  of  proportionality 

J ^  first  derivative  of  the  Bessel  function  of  the 
first  kind  of  first  order 

^*3  "  guide  ‘vavclength  in  the  cavities,  as  given  by 

£q.  (7). 

The  value  of  Cj  suggested  by  Marcuvitz’s  formula  is  1.522.  The  factor 
involving  the  Bessel  function  is  plotted  in  Fig.  20. 


covify  ciomeicr 


ctnitf  u  spocing 


FIG.  20 

A  FACTOR  USED  IN  CALCULATING  THE  CHARACTERISTIC  AOMIHANCE 
Of  RESONANT-WAU  RADOMES 
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<i>^  o  electricftl  length  of  eech  cav  ity 
ij  “  phyaical  thickneaa  of  the  netal  plate. 

The  attenuation  conatant  for  the  wavea  traveling  through  the  cavitiea  in 
the  netal  plate  will  be  taken  as  equal  to  that  for  a  wave  in  an  infinitely 
long  circular  waveguide  of  diameter  D,  constructed  with  the  sane  metal  and 
dielectric  as  the  redone.  The  actual  attenuation  conatant  will  be  only 
slightly  different  from  the  assumed  value  due  to  the  nonpropagating  modes 
at  the  cavity  ends.  Also,  dissipation  losses  due  to  currents  on  the 
surfaces  of  the  netal  plate  will  be  neglected  since  it  is  likely  that  they 
are  snail  compared  to  those  within  the  cavities.  The  attenuation  constant 
is  composed  of  two  terns, 

Oj  •  (19) 

where 

•  attenuation  constant  due  to  dissipation  in  the 
dielectric 

<X^  -  attenuation  constant  due  to  dissipation  in  the 

conducting  walla  of  the  cavity. 

The  attenuation  constants  and  are  given  by  Eqs.  (20)  and  (21);^ 

3  tan  S  j 

ttj  “  ’T  — —  •  — . — '  nepers  per  inch  for  all  dimensions  (20) 

^3  in  inches 

\* 

-  0.420  +  I - 1  (21) 

DKj  [_  [l.706  Dj  ^ 


WADD  TR  60-84 


41 


where 


ten  Sj  >  lost  tengent  of  meteriMl  filling  the 
ovitiee 

Mr  “  relative  permeability  of  the  walla  of 
the  cavit'^s 

p  *  reaUtivity  of  the  walla  of  the  cavitiea 

“  1.724  *  10“*  ohm  “  meter  =  resistivity  of  copper. 

It  is  significant  to  note  that  for  many  combinations  of  dielectric 
and  metal,  most  of  the  dissipation  loss  occurs  in  the  dielectric.  For 
example,  the  resonant-wsll  rsdome  referred  to  as  Radome  B  in  this  report 
is  constructed  of  slumins  ceramic  with  tan  Sj  -  0.0018,  and  of  aluminum 
whose  resistivity  is  approximately  three  times  that  of  copper.  For  thia 
radome,  1 3  ■  0.005S,  and  =  0.0006:  thus  the  dissipation  loss  in  the 

metal  is  only  10  percent  of  the  total.  If  the  radome  had  been  constructed 

of  nonmagnetic  stainless  steel  whose  reaiativiby  is  S3  times  that  of  copper, 
then  C1.I3  wouli!  have  been  0.0026,  and  the  dissipation  loss  in  the  metal 
would  have  been  32  percent  of  the  total.  The  values  of  quoted  above, 

which  were  calculated  assuming  smooth  metal  aurfaces.  might  be  increased 
by  a  factor  of  up  to  about  1.6  by  roughneas  of  the  metal  surfaces. 

The  power  transmission  coefficient  and  insertion  phase  delay  of  a 
resonant-wall  radome  without  dielectric  on  ita  surface  can  be  readily 
calculated  from  the  equivalent  circuit  of  Fig.  19  A  convenient  method 
for  performing  these  calculations  is  the  general-circuit-parameter  method. 
The  general  circuit  parameters,  d,  B,  C,  and  D,  are  found  from  the  matrix 
product  of  Eq.  (22); 


cosh  73I j  sinh  ij 

jT 

Fj  sinh  cosh  ‘>'313 


The  power  transmission  coefficient,  .  and  the  insertion  delay,  <//,  can 
then  be  calculated  using  £qs.  (23)  and  (24),  respectively: 
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4 


(23) 


[4  +  *  €/Y^  ♦  or 


^  * 


ttr ' 


I«(4  ♦  Bl'j  +  C/Y^  ♦  D) 
He (A  +  BY ^  *  C/yj  +  D) 


360  L 
X 


con  6  (degreek) 


(24) 


where 

■  ehencter ietic  adcsittance  of  free  space 

L  “  total  physical  thickness  of  the  radome 

6  •  incidence  angle  measured  in  free  space  between 
the  incident  ray  and  the  normal  to  the  radome 
surface . 


The  characteristic  admittance  of  free  space  for  waves  polarised  perpen¬ 
dicular  to  the  plane  of  incidence  it 


CCS  & 

377 


and  for  waves  polarized  parallel  to  the  plane  of  incidence, 


^  377  cos  6 


(25) 


(26) 


The  electrical  performance  calculated  using  the  simplest  assumptions 
regarding  the  values  of  the  equivalent-circuit  parameters  will  be  con¬ 
sidered  first.  Specificslly ,  the  nonpropagating  modes  within  the  cavities 
are  neglected,  hence  Eq.  (15)  is  used  to  calculste  the  reactive  discon¬ 
tinuities  at  the  surfaces  of  the  radome.  In  calculating  the  characteristic 
admittance  of  the  metal  plate  from  Eq.  (16).  the  value  Cj  «  1.522  is  used. 
This  value  is  based  on  the  constant  given  by  Marcuvitz,*  as  explained  in 
Appendix  B.  Subject  to  these  assumptions,  the  curves  of  Figs.  21  and  22 
were  calculated.  It  is  significant  to  note  from  these  curves  that  for 
perpendicularly  polarized  waves  the  resonance  frequencies  change  only 
slightly  with  changes  in  incidence  angle.  For  paral le 1- po larized  waves, 
however,  the  resonsnce  frequencies  shift  rapidly  with  changes  in  incidence 
angle  at  wide  angles.  Also,  the  transmission  between  resonances  for 
parallel-polarized  waves  increases  with  incidence  angle  up  to  approximately 
80  degrees,  and  then  decreases  rapidly  as  the  incidence  angle  is  increased. 
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The  incidence  angle  where  the  trananiaaion  between  reaonancea  ia  maxiausi 
correaponda  to  Brewatec'a  angle  for  uniform  dlelectrica,  t.e..  the  char¬ 
acteristic  admittance  of  the  metal  plate  and  that  of  free  apace  are  equal.* 
As  a  result  of  this  behavior  of  the  resonance  frequencies,  the  maximum 
incidence  angle  at  which  Radome  A  gives  high  transmission  for  both  parallel 
and  perpendicularly  polarized  waves  at  a  fixed  frequency  is  about  70  de¬ 
grees.  This  maximum  incidence  angle  for  Radome  B,  on  the  other  hand,  is 
about  80  degrees. 

At  present,  it  does  not  appear  possible  to  completely  eliminate  the 
variation  of  the  resonance  frequencies  with  changing  incidence  angle 
It  is  likely,  however,  that  the  resonance  frequencies  of  resonant-wall 
radomes  using  different  design  parameters  than  the  particular  examples 
presented  here,  would  var.  in  a  slightly  different  manner  with  incidence 
angle.  Thus  it  might  be  possible  to  design  resonant-wall  radomes  to  have 
electrical  performance  that  is  even  better  than  Radomes  A  and  B.  It  would 
be  a  cumbersome  task  to  empirically  determine  the  optimum  design  for  a 
radome  with  as  many  independent  parameters  as  the  resonant-wall  radomes. 
Using  the  approximate  equivalent  circuit  proposed  here,  however,  the 
optimum  design  for  a  particular  application  could  be  determined  with  a 
reasonable  expenditure  of  effort. 

The  calculated  curves  in  the  regions  near  the  resonance  peaks  for 
perpendicularly  polarized  waves  are  compared  with  measured  points  for 
Radome  A  (first-order  resonance)  and  Radome  B  (second-order  resonance)  in 
Figs.  23  and  24,  reap*  .'v.  It  is  seen  from  these  figures  that  the 
assumed  values  for  t’  uiv  lent  circuit  parameters  predict  the  resonance 
frequencies  within  0.  cent  at  the  first-order  resonance,  and  1.3  per¬ 

cent  at  the  second-order  onance.  Although  these  errors  are  small, 
closer  agreement  between  c.  ..ulated  and  measured  performance  would  be 
desirable  for  applications  where  perpendicularly  polarized  waves  are  inci¬ 
dent  at  wide  angles,  since  the  bandwidth  is  small  for  these  waves.  It  ia 
also  seen  from  Figs.  23  and  24  that  the  calculated  curves  satisfactorily 


*  For  tki<  pirticnitr  rsSeaa  •tapl*,  4aS  for  /  =  12.3  kite,  F.  =  F.  tor  ptrtllil-peltriitd 
«t  d  =  76.1 

^  Tk«  Ttrittioa  is  rtiokMcc  (ra9S4aciu  «itk  cka.4(ia(  iacidaac*  ufl*  aad  poltritttioa  ia  ralattd  to  tka 
protoaca  of  tka  raaetira  diieoatiaaitiaa  at  ck.  aada  of  tka  catitiaa.  For  tka  raaoaaat-aall  radowta 
daicribad  kara,  tkaia  diacoatiaaitiaa  ara  iad  ira  ia  aatara.  Parkapa  if  tkaaa  iadactira  aaaeaptaaeat 
vara  raaoaatad  by  akaat  capaeitiva  aaaeaptaaca  tka  aida-aafla  parforaaaca  of  tka  radowaa  coaid  ba  ia- 
proTod.  Tkaaa  capacitiaa  alaaaata  aifkt  taka  tka  fora  of  aatal  taba  aataadiaf  froa  tka  aurfaca  of  tka 
aatal  plata  oaar  tka  aad  of  aack  caaity,  or  isaalatad  aatal  diaka  of  diaaatar  laaa  tkaa  D,  boadad  to  tka 
cada  of  aar.k  dialactrie  plaf.  Tkaaa  poaaib^  I itiaa  kara  act.  koaarar,  baaa  iaraatisatad. 
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predict  the  bandwidth, effect  ef  diasipation  loss,  and  the  shift  in  resonance 
frequency  ee  funetione  &f  the  incidence  angle  and  the  pn^l  art  sat  inn. 

Closer  agreement  between  the  calculated  curves  and  the  measured  points 
can  be  obtained  by  using  values  for  and  slightly  different  from  those 
given  by  Eqs.  (IS)  and  (16).  For  example,  the  values  of  in  Eq.  (16) 
can  be  reduced  in  such  a  way  that  the  calculated  v,alues  for  the  resonance 
frequencies  agree  with  the  measured  values  at  either  the  first-*order  or 
the  second-order  resonance;  however,  no  single  value  of  will  give 
agreement  at  both  resonances.  When  the  value  of  C,  is  made  less  than 
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FiG.  23 

COMP.ARISON  OF  CALCULATED  AND  MEASURED  PERFORMANCE  OF  RESONANT-WALL 
RADOME  SAMPLE  (SIMPLEST  CIRCUIT) 
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BdU&&  ifts^ide^  the-*ads -al  tka^  cay-Ltia^  tt&re  ngglffCted.  The«e  niodea  can  be 
taken  into  account  by  adding  a  second  term  to  bo,.  (15)  in  calculating  B^. 
An  alternative  ia  to  use  li)q.  (IS)  for  calculating  B^,  but  to  shift  the 
reference  planes  —  at  which  the  terminals  of  the  equivalent  circuit  are 
considered  to  exist — out  of  the  planes  of  the  rsuotne  panel  surfaces. 
Theoretical  formulas  do  not  exist  for  either  of  these  approaches;  however, 
either  the  correction  term  for  or  the  reference-plane  position  can  be 
calculated  for  resonant- wall  radomc  samples  whose  resonance  frequencies 
have  been  measured. 

Using  simple  Smith-chart  calculations,  the  reference-plane  positions 
have  been  evaluated  for  Hadomes  A  and  B.  assuming  that  £qs.  (15)  and  (16), 
with  Gj  «  1.522,  give  the  correct  values  for  and  Tj .  The  resonance 
frequencies  measured  with  perpendicularly  polarized  waves  incident  at 
^  ■  75  degrees  were  used  in  these  calculations.  It  was  found  that  for 
I'.adome  A  (first-order  resonance)  the  reference  planes  are  a  distance 
T  *  0.0058  inside  the  radome  surfaces.  for  lladorae  3  (second-order 
resonance),  the  reference  planes  are  a  distance  r  u  0.C074  inside  the 
radome  surfaces.  The  location  of  the  reference  planes  was  not  determined 
at  other  frequencies,  but  since  this  quantity  ia  relatively  unimportant 
.It  frequencies  far  from  resonance,  the  simplifying  aesuciption  was  made 
that  varies  linearly  with  frequency  as  given  by  iki .  (27): 


—  .  0.D022  + 


o.oossf-^^ 


It  was  slso  assumed  that  the  r>^t  ic.  t  is  independent  of  incidence  angle 

and  pciariziiticn  of  the  inciaent  wives.  The  agreement  between  the  calcu¬ 
lated  and  measured  cloctiicai  |>er£orrtance  of  fladomes  A  and  D  seems  to 
justify  this  assumption  Snifting  the  reference  planes  to  within  the 
surfaces  of  the  radome  sample  is  equivalent  to  calculating  the  electrical 
length  of  the  cavities  using  a  value  (Ij  -  2t )  in  place  of  the  actual 
physical  length,  Ij,  of  the  cavities.  Thus,  in  Eq.  (17)  and  in  Fig.  19, 
d>j  should  be  replaced  by  0j ,  where 


<Pj  =  <p^  -  2n  - —  radians.  (I 

<3 

The  performance  calculated  taking  the  reference-plane  shift  into 
account  is  shown  by  the  curves  in  Fig.  25  for  Radomes  A  and  B  with 
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The  expression  of  Eq.  (27)  gives  the  sliift  in  the  reference  pl^es 
with  sufficient  sccurscy  for  Rsdomes  A  snd  B;  however,  it  wss  possible  to 
obtain  this  expression  only  after  the  radomes  were  built  and  their 
resonance  frequencies  measured.  The  empiricslly  derived  relation  in 
Eq.  (27)  does  not  generally  apply  to  other  resonant>wall  radomes.  For 
example,  the  reference>plane  shift  calculated  at  the  second-order  resonance 
of  one  of  the  waveguide-samples  of  resonant-wall  radomes  described  in 
Table  1  was  about  twice  the  value  given  by  Eq.  (27).*  It  should  be  empha¬ 
sized,  however,  that  the  shift  in  the  reference  planes  is  a  second-order 
correction  on  the  equivalent  circuit  required  in  order  to  shift  the 
calculated  resonance  frequencies  slightly.  If  the  reference  planes  are 
taken  at  the  surfaces  of  the  radoue,  the  calculated  curves  still  predict 
the  bandwidth,  the  effect  of  dissipation  loss,  and  the  shift  in  resonance 
frequency  with  changes  in  incidence  angle,  with  sufficient  accuracy. 

It  is  seen  from  the  above  discussion  that  the  simple  equivalent  cir¬ 
cuit  of  Fig.  19,  together  with  Eqs.  (IS)  through  (26),  is  useful  for 
calculating  the  performance  of  resonant-wall  radomes  that  do  not  have 
dielectric  layers  in  contact  with  either  surface.  For  example,  calcula¬ 
tions  based  on  this  equivalent  circuit  could  he  used  to  determine  the  set 
of  design  parameters  that  gave  the  best  performance  for  a  particular 
application.  A  test  panel  could  then  be  built  and  tested,  and  the  thickness 
modified  slightly  to  obtain  the  required  resonance  frequency.  The  tolerance 
required  on  a  particular  radome  could  also  be  determined  by  calculations 
based  on  the  equivalent  circuit. 

Resonant-Wall  Radomes  iith  Dielectric  on  One  Surface 

Following  the  same  line  of  reasoning  as  was  presented  on  pp.  38  to 
42,  the  equivalent  circuit  of  a  resonant-wall  radome  with  dielectric  on 
one  SI  *face  can  be  shown  to  be  as  in  Fig.  26.  To  the  circuit  of  Fig.  19 
has  been  added  a  length  of  transmission  line  of  characteristic  admittance 
Fj  end  electr'cal  length  account  for  the  dielectric  layer.  The  fact 

that  the  reactive  discontinuities  at  the  two  surfaces  of  the  perforated 
metal  plate  are  not  equal  has  also  bee',  taken  into  account.  The  parameters 
and  are  the  same  as  tor  a  resonant-wall  radome  without 


*  Sull  arro'.i  in  tk«  rtdaae  diMaaioaa,  aad  ia  ch«  dielectric  coaeteat  el  tkc  >aterial  filliaf  tke  ceeitiet, 
caa  result  ia  relatively  large  errera  ia  the  calculated  atilt  ia  tka  ralereace  plaaaa.  It  is  aet  {alt, 
toasTer,  tkat  tkia  eoaplataly  accooata  tae  tkc  differeaca  aoted  for  tke  two  radoaa  asaplea. 
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FIG.  26 

EQUIVAlfNT  CIRCUIT  OF  RESONANT-WAIL  RAOOMES  WITH  OIEIECTRIC 
IN  CONTACT  WITH  ONE  SURFACE 

iiurface  dielectric,  and  can  be  calculated  approximately  from  Eqa.  (15) 
through  (21). 


The  auaceptance  at  the  interface  between  the  metal  plate  and  the 
dielectric  layer  can  be  calculated  approximately  using  Eq.  (29); 


where 

Xj  =  *  .wavelength  in  the  dielectric  layer  in 

contact  with  the  surface  of  the  metal  plate 

Cj  >  relative  dielectric  constant  of  the  dielectric  in 
contact  with  the  surface  of  the  metal  plate. 


(29) 


The  parameters  A,  s,  D,  and  K  are  as  defined  under  Eq.  (15).  Equation  (29) 
is  just  half  the  theoretical  formula  for  the  susceptance  of  a  zero- 
thickness  perforated  metal  sheet  in  a  uniform  dielectric  of  relative 
dielectric  constant  It  was  shown  earlier  in  the  report  that  Eq.  (IS) 

gave  a  fairly  good  approximation  to  the  susceptance  at  the  surfaces  of  a 
resonant- wall  radome  without  surface  dielectric.  It  was  shown  in  Ref.  1, 
however,  that  the  theoretical  formula  for  a  thin  perforated  metal  sheet 
becomes  less  accurate  as  the  aperture  diameter  becomes  an  appreciable 
fraction  of  the  wavelength  in  the  medium  surrounding  the  sheet.  Thus, 

Eq.  (29)  is  not  expected  to  give  an  accurate  approximation  to  the  suscep¬ 
tance  at  the  surface  of  the  metal  plate  next  to  the  dielectric  layer. 


ip: 
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Th«  suAcepttAce  is  sasiler  than  £,.  thus  the  percent  accuracy  required 
ia  not  aa  great  for  flj  as  for  fl,  for  a  given  ac^curacy  ©nRiT  caTcul^teff 
electrical  perfornance. 

The  characteristic  adaittance  of  the  dielectric  layer  is  taken  as 
the  ratio  of  the  magnetic  and  electric  field  components  parallel  to 
surface  of  the  dielectric,  and  is 

for  waves  polarised  perpendicular  to  the  plane  of  incidence,  and 

for  waves  polarized  parallel  to  the  plane  of  incidence.  The  angle  of 
incidence,  0^,  measured  in  the  dielectric  between  the  incident  ray  and 
the  normal  to  the  radome  surface  is  given  by  Eq.  (32): 


•  -1  / 


The  product  of  the  complex  propagation  constant  within  the  dielectric 
and  the  pliysical  thickness,  of  the  dielectric  is 


where 


a,  I,  + 


77  tan  Sj 
cos 


277  Ij  cos 


radians 


ttj  a  attenuation  constant  in  the  dielectric  layer 
tan  Sj  a  loss  tangent  of  the  dielectric  layer 

<t>2  •  electrical  thickness  of  the  dielectric  layer, 
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reaontnt-wali  radome  with  dielectric  in  contact  with  one  aurface  can  be 
readily  calculated  from  ita  equivalent  circuit.  A  convenient  method  for 
performing  theae  calculationa  ia  to  aubatitute  the  general  circuit 
parametera  of  the  radome,  aa  found  from  the  matrix  product  of  Eq.  (36)) 
into  Eqa.  (23)  and  (24): 


sinh  72^2 

A  B 

• 

cosh 

1  0 

C  D 

Fj  sinh  72^2  cosh  ^2^2 

sinh  73(3 

1  0 

cosh  yjij 

A  v 

Fj  sinh  ‘>'313  cosh  7^^^ 

1 

(36) 


Theae  calculationa  were  carried  out  for  an  0.223»iocb-tbick  layer  of 
alumina  ceramic  on  one  aurface  of  the  perforated  metal  plate  alao  uaed  aa 
Badomea  A  and  B.  The  reaulting  flat-atrip  radome  aample  will  be  deaignated 
Radome  C  in  thia  diacuaaion.  The  calculated  electrical  performance  of 
Radome  C  is  compared  in  Fig.  27  with  the  performance  of  the  aample  meaaured 
in  the  parallel-plate  transmiaaion  line  described  in  Appendix  A.  It  ia 
seen  that  the  calculated  resonance  frequency  for  perpendicularly  polarised 
waves  incident  at  wide  angles  ia  about  1.8  percent  lower  than  the  measured 
value.  Thia  discrepancy  ia  probably  due  to  the  fact  that  the  nonpropagating 
waves  within  the  radome  cavities  were  neglected  for  these  calculations, 
and  Eq.  (29)  does  not  accurately  account  for  the  nonpropagating  waves 
within  the  dielectric  near  the  surface  of  the  metal  plate. 


Examination  of  Fig.  27  shows  that  there  is  considerable  scatter  in 
the  measured  points,  and  that  the  data  could  not  be  reproduced.  This  ia 
attributed  to  poor  contact  between  the  metal  portion  of  the  sample  and  the 
parallel-plate  transmission  line,  which  would  prevent  proper  mirror- imaging 
of  the  sample  in  the  surfaces  of  the  transmission  line.  It  was  found  that 
the  joints  in  the  dielectric  layer  (which  consista  of  four  strips  of 
ceramic  cemented  end  to  end)  were  slightly  misaligned.  This  would  prevent 
the  surfaces  of  the  transmission  line  from  making  frequent  contact  with 
the  perforated  plate,  even  though  the  height  of  the  individual  pieces  of 
ceramic  was  slightly  less  than  that  of  the  perforated  metal  plate.  Thia 
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FIG.  27 

COMPARISON  OF  CALCUUTFO  AND  MEASURED  PERFORMANCE  OF 
RESONANT-WALL  RAOOME  SAMPLE  C 

defect  in  the  staple  was  not  discovered  until  the  series  of  aeasurements 
wts  completed.  Thus,  the  tvailsble  data  indicate  little  aore  than  that 
the  resonance  frequency  for  perpendicularly  polarized  waves  incident  at 
aide  angles  is  about  8.35  kMc.  The  dimensions  of  the  sample  are  given  in 
terms  of  wavelengch  at  this  frequency  in  Table  4.  Because  of  the  poor 
quality  of  the  measured  data,  the  remaining  discussion  concerning  this 
radome  will  be  based  on  the  calculated  performance. 

Figure  27  shows  that  the  resonance  frequency  of  this  resonant-wall 
radome  with  dielectric  on  one  surface  changes  only  slightly  with  incidence 
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TAg.f!  L  _ 

01U£itStONS  or  R£SONANT‘iALL  iUOCME 
SAMPLE  C  IM  TENIS  OP  MAVELENCni 


Itiaaared  rasoaaaca  fracpumey  at  wide  iacidaace 
aaglas  (perpaadiculat  polariaatioa) 

8.3S  kik 

Frae-apaca  Mvalaagtk  at  raaonaaca.  X 

1.4U  iackaa 

tavalaagtb  is  tka  dialactrie  at  raaosaaea,  X^tX^ 

0.4B1  iack 

Guide  wavalasttk  ia  cavities  at  raaonaaca,  X^| 

1.111  iackaa 

Oiamatar  of  cavitiea,  D 

0.6SO  X, 

Ihickaaaa  of  natal  plats, 

0.S20  X, 

Elactrical  lanitk  of  cavities,  tj/X^j 

0.22S 

Electrical  thickaaas  of  dialactrie  layar 
at  aomal  iacidaaca, 

0.464 

Caatar-to-canter  apacing  of  caritias,  • 

0.2SSX  -  0.749  X, 

Ikicltaaaa  of  radons.  L  ~  *  tj 

0.334  X 

angle  when  the  incident  wavea  are  polarised  perpendicular  to  the  plane  of 
incidence.  For  wavea  polarised  parallel  to  the  plane  of  incidence,  however, 
the  resonance  frequency  changes  greatly  as  the  incidence  angle  varies. 

This  variation  in  resonance  frequency  is  similar  to  that  observed  for  the 
resonant-wall  radomea  without  surface  dielectric.  Thin  variation  in 
resonance  frequency  limits  somewhat  the  range  of  incidence  angles  over  which 
high  transmission  can  be  obtained  for  waves  of  any  polarisation.  At  a 
frequency  of  8.23  kUc,  the  calculated  power  transmission  is  greater  than 
70  percent  for  either  perpendicularly  or  parallel  polarised  waves  incident 
at  angles  up  to  about  70  degrees. 

Also  at  8.23  kMc,  the  variation  in  insertion  phase  delay  as  the 
incidence  angle  varies  from  0  to  70  degrees  is  69  degrees  for  perpendicularly 
polarised  waves,  and  74  degrees  for  parallel-polarized  wavea.  These  varia¬ 
tions  are  9  degrees  and  4  degrees  less,  respectively,  than  the  variation 
in  the  electrical  thickness  of  a  layer  of  air  of  the  asme  physical  thick¬ 
ness  as  the  radome.  On  the  basis  of  the  particular  examples  considered  in 
this  report,  it  would  appear  that  for  resonant-wall  radomes  of  a  given 
total  physical  thickness,  the  Eoreaight  error  would  be  slightly  smaller 
for  a  radome  with  dielectric  in  contact  with  one  surface  of  the  metal  plate 
than  for  a  radome  without  surface  dielectric.*  The  boresight  error  of 


*  It  *41  tk»4a  prtviewly  tktt  tka  iastrtiM  pkaM  daUy  of  iUrfoMo  A  aa4  B  *4riaA  saro  oitk  ckMSta  ia 
tk«  Uflt  of  iaciicac*  tku  Aoti  (ko  aUctrical  thick«44a  of  a*  air  layar  of  tko  aa»a  pkyaital  tkickaaaa. 
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*ilhit  resohaal'Waii  iradoss  confis^rition  would  probably  W  aHtnily  fr«»v*r 
thin  that  of  a  uni forM'dielectric  radoMe  ol  the  aiwe  phyaieai  thiekaaaa. 


Couparitig  Figa.  ISandlBwith  Fig.  28.  it  ia  aaaa  that  the  S-db  band¬ 
width  of  Hadone  C  for  perpendicularly  polarixed  wavea  ia  alightly  greater 
than  that  of  Iladofiie  A,  but  aualler  than  that  of  Redone  B.  The  bandwidth 
for  at  leaat  70-percent  power 
tranaaiasioQ  of  either  perpen- 
dicuLarly  or  parallel-polarized 
wavea  ia  smaller  for  Iladome  C 
than  for  both  Hadomea  A  and  0. 

Since  the  phyaical  thickneaa  of 
Radoffle  C  ia  of  the  tame  order  aa 
that  of  a  conventional  uniform- 
dielectric,  full-wavelength 
radome,  it  ia  of  intereat  to  com¬ 
pare  the  bandwidtha  of  the  two 
types  of  radomea.  For  perpen¬ 
dicularly  polarized  wavea  inci¬ 
dent  at  wide  anglea,  it  is  found 
that  the  3-db  bandwidth  of 
Iladome  C  ia  smaller  by  a  factor 
of  0.34  than  that  of  a  full- 
wavelength  radone  with  e  ■  8.66. 


£0  40  to  to 

I.  tNCIOCNCe  SNSLC  -  aifrttl 


i’.u.  s 

c/u.cuLATin  ■ 'j  .V  . a.d 
TRANSMISSION 01  «tsWA.'^[-W/Ui  RAtiran 


'v.\\n  tf  r 

It  ia  worth  noting  that  moat  . 

radomea,  including  conventional  half -wavelength  redomea,  full-wavelength 
redomea,  A-tandwich  radomea,  multilayer  radomea,  and  Radomea  A  and  B  in 
thia  report  are  phyaically  and  electrically  aymmetrical  about  the  midplane 
of  each  radome.  Thus,  when  the  same  medium  ia  present  on  both  aides  of 
the  radome  (usually  air),  these  symmetrical  radomea  have  low  reflection 
coefficients  at  their  frequencies  of  maximum  tranamiasion.  For  radomea 
that  are  not  symmetrical  about  their  midplane,  auch  aa  Radome  C.  the  reflec¬ 
tion  coefficient  is  not  necessarily  low  under  conditions  of  maximum  trana¬ 
miasion.  The  calculated  power  reflection  coefficient,  of  Radome  C  ia 
plotted  at  the  bottom  of  Fig.  28,  from  which  it  is  seen  that  up  to  11  per¬ 
cent  of  the  incident  power  is  reflected  from  the  radome  at  its  resonance 
frequency.  Off  resonance,  of  course,  the  reflection  will  be  higher.  Thia 

curve  and  the  curve  of  T*  at  the  top  of  Fig.  28  do  not  apply  at  a  fixed 

» 

frequency,  but  rather  at  the  resonance  frequency,  which  ia  also  a  function 
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of  the  ^cideacc  angie.  The  tjowct  rcfiectioB  cocTfieicat  ▼■a^  csicaiited 
by  aubttituti&g  £q  (2:^'),  (26).  and  <36)  into  Et],  (37): 

A  *  BY,  -  C/Y.  -  D  ^ 

flS  .  -  (37) 

A  +  ♦  C/Y^  ♦  D 


The  calculated  trananiaaion  of  {^adotte  C  at  reaonaace.  aa  ahown  in  Fig.  28« 
ia  lower  than  that  of  Hadomea  A  and  0.  aa  ahown  in  Figa.  IS  and  18>  Near 
nornal  incidence,  thia  can  be  ooatly  accounted  for  by  the  relatively  high 
reflection  frocn  Badome  C.  At  wide  anglea  of  incidence,  the  difference  in 
the  calculated  tranamiaaion  cocfficienta  ia  largely  due  to  the  higher 
diatipatioR  loaa  in  the  thickeat  radome,  Badome  C. 
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SECTION  til 


OTHEH  teTAt-tjOAl£D  fUDOMSS 

CEBAMIC  A^SANDVdCll  UADOMES 

Otve  at  the  objection!  to  the  utc  of  cerenic  redone  aiteriele  to  ob‘ 
tein  high“tettpet ature  litebllity  end  good  rein>eraiion  reeietence  ie  the 
reletively  greet  weight  o£  theae  ueterials.  A  ceramic  A-eendwich  radome. 
conaiating  ot  dense  ceramic  akina  separated  by  a  foamed  ceramic  core, 
would  have  e  higher  atrength-to-weight  ratio  then  a  uniform,  dense  ceramic 
redone,  although  its  strength  would  not  he  ea  greet.  The  etrength  of  these 
A'lendwich  redomee  night  be  increeaed  by  embedding  thin  perforated  laetal 
abeeta  or  wire  grida  within  then. 

It  waa  ahown  previously  that  it  is  electrically  feseible  to  embed 
wire  grids  in  A^sandwlch  radomea  with  relative  dielectric  constants  of 
•  4.3  lor  the  akina,  and  ■  1.3  for  the  core.  The  calculations  pre¬ 
sented  in  Ilef.  1  showed  that  there  would  be  electrical  advantages  to  the 
use  of  wire  grids  in  A*sandwich  radomea.  and  it  was  indicated  that  there 
might  also  be  mechanical  advantages.  A  brief  investigation  was  conducted 
on  the  present  contract  to  determine  the  electrical  feasibility  of  using 
metal  inclusions  in  A-ssndwich  rsdomes  using  dielectric  constants  typical 
of  dense  ceramic  skins  and  foamed  ceramic  cores. 

Sections  of  A-aandwich  radomea  containing  perforated  metsl  sheets  and 
wire  grids  are  illustrated  in  Fig.  29.  In  this  figure,  the  metsl  inclu¬ 
sions  sre  shown  at  the  skin-to-core  interfaces;  however,  they  could  also 
be  embedded  within  the  skins  or  slightly  within  the  core.  The  perforated 
metsl  sheets  might  be  better  from  the  mechanical  standpoint  since  they 
provide  more  nearly  uniform  strength  in  all  directions  in  the  plane  of  the 
sheet  then  do  wire  grids.  For  calculating  the  electrical  performance, 
however,  the  wire  grids  are  better  since  accurate  equivalent-circuit 
formulas  are  svailsbie.  The  equivalent  circuit  parameters  of  perforated 
metsl  sheets  located  at  or  near  the  interface  between  two  dielectrics  could 
be  messured.  This  information  could  then  he  used  to  design  and  evaluate 
A-sandwich  radomea  containing  perforated  metal  abeeta.  The  investigation 
described  here  did  not  go  into  that  great  detail. 
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FIG.  29 

A-SANDWICH  RAOOMES  CONTAINING  PERFORATED  MHAL 
SHEETS  AND  WIRE  GRIDS 

The  dependence  of  power  transmission  coefficient  on  incidence  angle 
and  polarization  has  been  determined  approximately  for  a  few  dissipation¬ 
less  A-sandwich  radomes  by  Smith«chart  calculations  using  the  half-section 
analysis  technique  described  prev  ious  ly .  Transmission-coefficient  curves 
are  shown  in  Figs.  30  and  31  for  the  A-sandwich  radomes,  which  contain  wire 
grids  at  the  skin-to-core  interfaces,  that  are  described  in  Tables  5  and  6. 
Each  of  thes ^  radomes  was  designed  to  be  matched  at  a  frequency  of  9375  Me 
for  waves  of  my  polarization  incident  at  an  angle  of  85  degrees, 

To  simplify  these  initial  calculations  it  was  assumed  that  the  equiva¬ 
lent  shunt  susceptance  of  the  wire  grids,  normalized  to  the  characteristic 
admittance  of  the  i  ore  dielectric,  varied  as 

B  -K 

TT  ■=  - 2-  (38) 

I  cos  a 

C  C 

for  perpendicularly  polarized  waves,  and  as 


-K 

CCS  9 


cos^  9^  +  cos' 
2  cos*  9 
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FIG.  30 

TRANSMISSION  CURVES  FOR  METAL-LOADEO  A>SANDWICH  RADOMES  l«e  -  4) 


TABLE  S 

DESICM  PARAMETEBS  FOR  UETAL- LOADED  A-SANDttlCH  RADOMES  WITH  ^ 


RADOHf  D 

RAOOME  E 

RAOONE  F 

Type  of  attal  incltuiona 

Wire  grida 

Wire  grida 

Wire  grida 

Poaition  of  aetal  iacluaioaa 

Ac  akin-to-core 
inter facea 

At  akin-to-core 
inter fecea 

Ac  akin-to-core 
intcrfacea 

Relative  dielectric  cooataat, 

io  akinai 

9.0 

9.0 

9.0 

in  core*  t 

c 

d.O 

d.O 

4.0 

Match  angle 

85  degreea 

85  degreea 

85  degrees 

Match  polariiation 

-L  aail  II 

J.  and  II 

J.  and  II 

Match  freqtiency 

9375  Me 

9375  Me 

9375  Me 

‘ntickneaa  of  akina, 

O.OSO  inch 

0.075  inch 

0.100  inch 

Thickneaa  of  core,  22^ 

0.273  inch 

0.294  inch 

0.339  inch 

Radooe  thickneaa 

0  373  inch 

0. 444  inch 

0.539  inch 

Norn:alizeu  aliunt  auaceptance 
of  iiictcl  inclusions  (nt 

Rorual  incidence),  -A 

-0.85 

-2.25 

-8.75 

T.'HLE  6 

DESIGN  PABMIETEBS  FOR  METAL-LOADED  / :v'XiNES  'TTli  e,  =  2 


RADOME  G 

P  M  OWE  H 

Type  of  netal  inclusions 

fire  grids 

"'ire  grids 

Position  of  netal  incluaiona 

At  akin-to-core 
interfaces 

t  skio-to-core 
interfacea 

Relative  dielectric  constant. 

in  skins, 

9.C 

9.0 

in  core,  € 

c 

2.0 

2.0 

Match  angle  , 

85  degrees 

BS  degrees 

Match  polaritation 

JL  and  II 

^  and  li 

Match  frequency 

9375  Me 

9375  Me 

Thickness  of  skins,  2^ 

O.OSO  inch 

0.075  inch 

Thickness  of  core,  22^ 

0.510  inch 

0.599  inch 

Radome  thickness 

0.610  inch 

0.749  inch 

Norsulixed  shunt  auaceptance 
of  aetal  inclusions  (at 
norul  incidence) ,  -X 

-1.35 

-12.5 
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for  parallel  polarized  wavea,  where 

■  a  constant  of  proportionality 

«:  angle  of  incidence  measured  within  the  core 
dielectric  with  respect  to  the  normal  to  the 
radome  surface 

•  angle  of  incidence  measured  within  the  skin 
dielectric  with  respect  to  the  normal  to  the 
radome  surface. 

This  assumption  amounts  to  neglecting  a  correction  term  in  the  denominators 
of  Eqs .  (38)  and  (39).  This  correction  term  takes  into  account  the  energy 
stored  in  the  nonpropagating  waves  corresponding  to  diffracted  waves 
scattered  at  imaginary  angles,  and  is  a  rather  involved  series  depending 
on  wire  spacing,  incidence  angle,  and  polarization  as  given  in 
Refs.  9  and  10. 

Since  the  correction  term  was  neglected,  it  was  not  necessary  to 
specify  any  particular  wire  diameter  and  spacing  in  order  to  make  the 
calculations.  G>mbinations  of  wire  diameter  and  wire  spacing  that  will 
give  approximately  the  assumed  suaceptances  at  normal  incidence,  neglecting 
the  correction  term,  are  shown  in  Fig.  32.  These  curves  were  calculated 
using  Eq.  (40),’  and  the  values  of  the  constant  K  given  in  Tables  5  and  6; 


f  S  S  1 

If  ,  ^  __ 

V  K 

(40) 

where 

D  - 

wire  diameter 

s  * 

center-to-center  spacing  of 

the 

wires  in  each  grid 

X.  ■ 

c 

X//e^  «  wavelength  in  the 

core 

dielectric 

= 

relative  dielectric  constant 

of 

the  core  material 

\  = 

free-space  wavelength. 

The  difference  between  the  actual  susceptance  of  these  wire  grids  and  the 
assiuned  suaceptances  will  increase  with  increasing  incidence  angle  for 
perpendicularly  polarized  waves,  and  will  decrease  with  increasing  inci¬ 
dence  angle  for  parallel  polarized  waves.  The  maximum  wire  spacing  for 
no  diffraction  within  the  skin  dielectric  is  0.315  inch  for  «  9  and 
/  <=  9375  Me.  As  the  spacing  approaches  this  maximum  value,  the  curves  of 
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SKIN-TO-CORE  INTERFACES  1 
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Fig.  32  become  less  accurate  since  the  neglected  correction  term  becomes 
larger  as  the  wire  spacing  is  increased. 

Although  the  curves  of  Figs.  30  and  31  were  calculated  using  simpli 
fying  assumptions,  they  are  sufficiently  accurate  that  the  following 
conclusions  can  be  drawn; 

(1)  A-sandwich  radomes  loaded  with  wire  grids  can  be 
designed  to  have  high  transmission  for  both  per¬ 
pendicularly  and  parallel  polarized  waves  incident 
over  a  wide  range  of  angles,  even  out  to  85  degrees. 

This  is  in  contrast  to  conventional  unloaded  A- 
sandwich  radomes,  for  which  the  transmission  for 
parallel  polarized  waves  falls  off  rapidly  as  the 
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(2) 


jju:idsacA  an^le  excMds  Brewater' a  irtjsle  fojf  the _ 

•kin  dielectric. 

The  magnitude  of  the  aueceptance,  and  thus  the 
amount  of  metal  in  the  grid,  increases  as  the  akin 
thickness  increases. 

(3)  There  is  a  limit  to  the  skin  thickness  that  can  be 
used  and  atill  obtain  high  transmisaion  over  a  wide 
range  of  incidence  angles;  however,  it  is  likely 
that  the  skins  can  be  made  at  leaat  as  thick  as  those 
of  unloaded  A-sandwich  raddmes.  For  a  core  dielectric 
constant  e,  «-  4,  this  limit  on  skin  thickness  is 
between  0.073  and  0.100  inch,  and  for  e  »  2,'  it  is 
between  0.050  and  0.075  inch.  There  will  be  a  corre¬ 
sponding  limit  on  the  amount  of  metal  that  can  be 
used  in  A-sand«ich  radomes. 

It  is  also  evident  from  the  calculations  carried  out  on  the  Smith  chart 
that  the  metal-loaded  A-sandwich  radomes  will  require  aignificantly  less 
stringent  tolerances  on  the  core  thickness  than  unloaded  A-sandwich  radomes 
using  the  same  dielectric  material.  Presumably  the  tolerance  on  core 
dielectric  constant  would  also  be  le.ss  stringent  for  the  metal-loaded 
A-sandwich  radomes. 

Note  that  as  the  skin  thickness  approaches  the  maximum  value,  the 
equivalent  shunt  susceptance  required  of  the  wire  grids  becomes  suf¬ 
ficiently  large  in  magnitude  that  it  might  be  practical  to  use  inductive 
perforated  metal  sheets  rather  than  wire  grids.  As  pointed  out  before, 
however,  there  are  no  accurate  formulas  available  for  calculating  the 
equivalent  circuit  parameters  of  a  perforated  metal  sheet  located  at  or 
near  an  interface  between  two  dielectrics.  Another  structure  that  shows 
promise  for  inclusion  in  A-sandwich  radomes  is  the  self - resonant  perforated 
metal  sheet,  discussed  in  the  next  section.  It  would  probably  be  possible 
to  embed  more  metal  in  the  radomes  by  using  these  resonant  perforated  metal 
sheets  than  by  using  either  inductive  perforated  metal  sheets  or  wire  grids 

RESONANT  PERFORATED- METAL  SHEETS 
General 

The  design  of  resonant -wal 1  radomes  centers  around  a  thick  metal  plate 
which  is  electrically  equivalent  to  a  distributed-constant  resonator,  as 
was  explained  in  Sec.  II.  Another  approach  to  the  design  of  metal-loaded 
radomes,  which  was  used  extensively  in  Ref.  1,  is  to  use  thin  metal 
structures  that  are  electrically  equivalent  to  shunt  susceptances  These 

^3 
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&r«  used  bo  tune  i  lay«r  or  layore  of  dUloctrlc  to  obtain  the  draired 
resonance  frequency  and  the  best  electrical  performance  as  a  function  of 
incidence  angle,  A  third  approach  would  be  to  use  thin  metal  structures 
that  are  sel  f  •'resonant ,  i.e.,  metal  structures  that  transmit  all  of  the 
energy  incident  on  them.  Ideally,  these  thin  resonant  structures  could  be 
embedded  within  a  radome  without  affecting  its  electrical  performance,  and 
the  location  of  the  metal  structures  within  the  radome  would  not  be  critical 
An  investigation  of  the  mechanical  properties  of  some  metal- loaded  radomes 
indicated  that  thin  metal  structures  might  be  useful  as  reinforcement 
elements  in  low-density  ceramics,  such  as  would  be  used  in  the  core  of  an 
inorganic  A-sandwich  radome.  ^  To  investigate  the  electrical  feasibility 
of  using  perforated  metal  sheets  for  this  application,  the  resonance  char¬ 
acteristics  of  a  few  samples  of  perforated  metal  sheets  were  measured,  as 
will  be  described  in  this  section. 

Experience  with  resonant  coupling  apertures  in  waveguide  has  shown 
that,  at  least  for  some  aperture  shapes,  the  resonance  frequency  of  an 
aperture  is  very  nearly  the  same  as  the  cut-off  frequency  of  a  waveguide 
of  the  same  cross  section  as  the  aperture.^  Assuming  this  relationship 
to  hold  for  a  perforated  metal  sheet,  initial  calculations  can  be  made  to 
determine  the  amount  of  metal  that  can  remain  between  the  apertures.  The 
diameter  of  a  resonant  circular  aperture  would  be  approximately 
D  •  Xj/l.TOd  *  0.586X.2,  where  Xj  »  X/VT^  is  the  wavelength  in  the  medium 
of  relative  dielectric  constant  surrounding  the  metal  sheet.  In  order 
that  the  perforated  metal  sheet  not  excite  diffracted  waves,  the  center-to- 
center  spacing,  s,  of  the  apertures  must  satisfy  Eq.  (3).  As  an  example, 
for  a  metal  sheet  embedded  in  a  dielectric  with  £2  ■  3,  the  incidence  angle 
in  the  dielectric  cannot  exceed  6^  >  35.3  degrees.  Thus,  the  spacing  must 
satisfy  s  <  0.634X2,  and  the  maximum  amount  of  metal  left  between  the 
apertures  is  {s  ~  D)  ~  0.075  s.  That  is,  the  metal  between  circular 
apertures  would  be  only  about  7.5  percent  of  the  center-to-center  spacing 
of  the  apertures  The  amount  of  metal  left  between  the  apertures  can  be 
increased  by  decreasing  the  aperture  diameter,  and  at  the  same  time  loading 
the  apertures  in  some  manner  to  keep  the  resonance  frequency  the  same 

A  convenient  way  to  load  circular  apertures  is  by  ridges,  such  as 
shown  in  Fig  33(a)  Quadruply  ridged  circular  apertures  were  used  in  the 
investigation  described  here,  since  the  cut-off  wavelengths  for  waveguides 
of  similar  shape  have  been  measured  and  reported  in  the  open  literature  ^ 
Two  other  aperture  shapes  that  might  be  considered  for  the  present 


WADD  TR  60-84 


66 


(o)  QUAORUPLY  ftioceo  CIRCULAR  APERTURES 


(bl  OUAORUPLY  RIOGEO  HEXAGOMAL  APERTURES 


(C)  SeXTUPLY  RIOaeO  HEXAGONAL  APERTURES  m-imi  m 

FIG.  53 

VARIOUS  RIDGE -LOADED  APERTURES  WITH  CENTERS  FORMING  HEXAGONAL  ARRAYS 
epplicAtion  are  also  shown  in  Fig.  33.  It  ia  statad  on  p.  35  of  Rftf.  II 
that  perforated  metal  sheets  do  not  bond  to  a  ceramic'  as  well  as  do  wire 
grids  because  of  the  smooth  surfaces  of  the  metal  sheets.  This  difficulty 
can  be  partially  overcome  by  placing  the  apertures  closer  together  than 
is  usually  done  in  metal  sheets  perforated  for  other  purposes.  In  addition, 
the  area  of  the  smooth  region  marked  by  the  letter  A  in  Fig.  33(a}  can  he 
reduced  slightly  by  using  hexagonal  apertures  rather  than  round  apertures. 
There  might  be  electrical  advantages  to  using  six  rather  than  four  ridges 
in  each  aperture,  as  will  be  discussed  later  in  this  section. 

Details  of  the  ridge-loaded  aperture  shape  used  in  the  present 
iiiveatlBBLiun  »*=  in  Fig-  34.  The  cut-off  wavelengths  of  several 

ridged  circular  waveguides  without  fillets  at  the  bases  of  the  ridges,  i.e., 
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r  >  0  in  Fig  34«  have  been  measured 
by  Chait  and  Sakiotia.^  Their  data  are 
-  replotted  in  Fig  35  along  with  aome 

r  data  taken  at  Stanford  Research  Institute. 

The  cut-off  wavelengths  of  three  ridge- 
/  \  loaded  circular  waveguides  with  fillets 

/  I" — - \  at  the  bases  of  the  ridges  were  also 

I  measured  at  Stanford  Research  Institute, 

j  \  ^  ^  One  of  the  resonant  cavities  used  to 

t  ■  j  obtain  this  data  is  shown  in  Fig.  36, 

along  with  the  coupling  loops  that  were 
\  j  insetted  through  short-circuits  at  each 

w— w— *  /  cavity  in  order  to  couple 

y'  to  the  cavity.  Maximum  transmission 

through  the  cavity  is  obtained  at  fre- 
**■■*•*•  quencies  such  that  the  cavity  is 
^  nA.^./2  long.  Here,  r  is  any  positive 

RIOGE’LOAOED  CIRCULAR  APERTU'^E  SHAPE  integer,  and  \  is  the  guide  wavelength 
USED  FOR  SAMPLES  ridge -loaded  circular  waveguide 

forming  the  cavity.  The  coupling  loops  are  sufficiently  small  that  they 
produce  negligible  reactive  loading  at  the  ends  of  the  cavities,  as  indi¬ 
cated  by  the  fact  that  data  taken  for  n  ^  1,  2,  and  3  gave  values  of  cut-off 
wavelength  that  were  in  agreement  within  0.16  percent.  The  values  of 
cut-off  wavelength  were  calculated  using  Eq.  <41}  which  is  the  well  known 
relation  between  the  free-space  wavelength,  cut-off  wavelength,  and  guide 
wavelength  for  any  waveguide: 


FIG.  34 


RIOGE-LOAOED  CIRCULAR  APERTU'^E  SHAPE 
USED  FOR  SAMPLES 


L  -L 

<•  «_ 


where 


cut-off  wavelength  of  the  waveguide 

free-space  wavelength  at  the  resonance  frequency 


*  TV*  |>oiat*  (kckn  is  Fif.  35  air*  d«riv«d  froa  tk*  iMSfttrad  dsC*  is  tk*  foilosisa  asssar.  Vtlu**  ot 
cut-off  vtftlasftk  Mtaorad  for  (artrat  coabisatios*  of  rid|t  aidtk  asd  lasfck  TVaaa  talua*  aar* 

plottad  a*  faactiosa  of  tka  rid(*  lasatk,  sitk  ridg*  aidtk  aa  a  paraaetar,  sad  aatootk  currat  sar*  draws 
tkraufk  tk*  peiata.  Tk*  eoakiaatioaa  of  ridga  aidtk  aad  laagtk  raquirad  to  fir*  apacific  talaaa  of 
cat-off  aataiaaftk  **ra  raad  froa  tkata  curraa,  aad  tktu  plottad  aa  tk*  poiat*  ia  Fig.  35. 
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CUT-OFF  WAV£l£NGTH  OF  QUADRUPLE  RIDGED  CIRCULAR  WAVEGUIDE 
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riG.  36 

WAVEGUIDE  CAVITY  USING  RIOCE-LOAOEO  CIRCULAR  WAVEGUIDE 

«  2L/n  ■  guide  wavelength  in  the  cavity  at 
feaonance 

L  =  physical  length  of  the  cavity 
n  -  a  positive  integer. 

The  results  of  these  measurements  are  shown  in  Fig.  37  from  which  it  is 
seen  that  the  presence  of  the  fillets  can  change  the  cut-off  wavelength 
several  percent.  Points  are  shown  for  two  values  of  ridge  width,  and  it 
is  seen  that  the  effect  of  the  fillets  depends  on  the  ridge  width — and 
probably  also  on  the  ridge  length.  It  was  not  felt  necessary  to  obtain 
more  detailed  data  on  the  effect  of  the  fillets  on  the  cut-off  frequencies 
of  waveguides,  since  there  is  no  exact  correspondence  between  these  fre¬ 
quencies  and  the  resonance  frequencies  of  perforated  metal  sheets. 
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BLOCK  DIAGRAM  OF  EQUIPMENT  TO  MEASURE  TRANSMISSION  VS.  FREQUENCY 


tnunnnnnm 
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A 

1 

c 

Uyottt  t»i 

tkaagoaal  array 

(kaageaal  array 

Uaaagtiaal  array 

Apariure  ditMtar,  P 

0.7S0  lack 

0.812  lack 

0.938  iack 

Apwrture  caatar'to'cwaur 
apuiag,  4 

1.03$  iackaa 

1.039  iackaa 

1.039  iackaa 

Vail  thlciuMiaa  heuwaa 
apartiitaa.  (t  -  D) 

0.34$  lack  »  0.3tl  r 

0.227  rack  -  0.218  « 

0.101  iack  <•  0.097  4 

Percwt  amtal  ramaiaiaf 

batvaaa  aMrturu, 

100  It  “  D)/t 

27.8  parcaat 

21.8  parcaat 

9.7  parcaat 

IVickaaaa  of  tanpUb,  t 

o.oeo,  o.m,  o.m, 

aad  0.246  itch 

0.001,  0.080,  0.12S, 
0.192.  aad  0.247  lack 

0,102,  0.123,  aad 

0.192  i^ 

Ualfki  of  aaaplaa 

0,900  lack 

0.900  iack 

0.900  iack 

Vidtb  of  aaapUa 

24  iackaa 

24  iackaa 

24  iackaa 

coaducting  platei  to  be  equivalent  to  a  flat  metal  aheet  perforated  by  a 
hexagonal  array  of  circular  aperturea.  For  each  aperture  diameter,  aamplea 
of  different  thickneaa  were  made,  and  theae  were  teited  individually  or 
in  caacade  to  determine  the  effect  of  aample  thichneaa  on  the  electrical 
performance.  The  meaaured  reaonance  frequenciea  of  the  aamplea  with 
0.812'inch  diameter  aperturea*  are  plotted  in  Fig.  40  for  two  valuea  of 
aample  thickneaa.  Moat  of  the  pointa  for 'intermediate  valuea  of  thickneaa 
fall  on  or  between  the  pointa  thown.  The  curvet  for  D  -  0.750  inch  are  of 
nearly  the  tame  abape,  and  lie  only  two  percent  above  these  in  Fig.  40 
even  though  the  cut*off  frequency  of  a  circular  waveguide,  ia 

83  percent  higher  for  a  diameter  of  f>  ■  0.750  inch  then  for  D  •  0.812  inch. 
The  curvet  for  D  •  0.938  inch  lie  only  about  three  percent  below  thoee  in 
Fig.  40  even  though  of  a  circular  waveguide  ia  13.3  percent  lower  fur 
D  •  0.938  inch  than  for  D  ■  0.812  inch.  Thua,  for  all  the  aamplea  teated 
with  circular  aperturea,  the  reaonance  frequency  changea  about  25  percent 
aa  the  incidence  angle  varies  25  degrees.^  This  variation  in  reaonance 


*  TWm  auipl*!  nr*  l*il*4  ia  tir.  If  •  ak**t  of  tbi*  (yp*  aa*  aaludda^  ia  a  aaifora  Sialaetric  of 
ralatia*  4i*l*«tric  caaataat  «,  ail  tba  aaaw^a  Sianaaiaa*  aeald  b*  diaiSaJ  by  /t" to  obtaia  tba  aaa* 
raaaaaae*  frcqnacy,  aad  tb*  abteiaaa  ia  Fift.  40,  41,  43,  aa4  44  aoaU  b*  tba  iaci^aac*  aafia  aaiataradi 
ia  tba  iialactric. 

^  Fiat-yaaal  au^la*  p*rferat*4  by  citcvilar  aparturaa  *a4  taatad  ia  fra*  ayac*  alao  axbibii  tbi*  rapid 
aariatioa  el  raaoaaac*  fraqvaacy  a*  tb*  iacidaac*  aaql*  i*  cbaafad.*^  baaoeiatad  *itb  tbia  aaf*l*r> 
aaatitirity  of  tb*  raaoBaac*  af  both  tb*  fl*t>*trip  aad  tb*  flat^paaal  aaaplaa  **a  a  focuiaq  of  tba 
iaeidaat  ■*<**,  abicb  dapartad  alifbtly  frow  plaa*  aaa**.  Tbi*  focaaiap  tetioa  *aa  iadieatad  by  fraatar- 
tba*«*aity  traaaaiaaiM  coaffieiaat  at  raaoaaaea,  «p  to  110  parcaat  iadieatad  poaar  tramaiaiatioa 
coafficiaal  baiag  obiaiaad  tor  oa*  flat-atrip  taapl*. 
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FIG.  40 

MEASURED  RESONANCE  FREQUENCY  Of  FLAT  METAL  STRIPS 
PERFORATED  BY  CIRCULAR  APERTURES 


frequency  is  significantly  greater  than  •’he  bandwidth  of  the  if.  onance, 
thus,  when  operated  at  a  fixed  frequency,  none  of  these  sample  vould  give 
high  transmission  even  over  the  restricted  range  of  incidence  angles  en¬ 
countered  in  a  radorae  dielectric.*  TherefoTs,  it  appears  that  a  circle 
is  not  a  suitable  aperture  shape  to  use  in  resonant  metal  sheets  for  the 
proposed  radome  application. 

Flat-strip  samples  were  also  perforated  by  ridge- loaded  apertures. 

One  of  these  samples  is  shown  at  the  bottom  of  Fig.  39,  and  the  dimensions 
are  given  in  G)lunn  A  of  Table  8.  Several  thicknesses  were  tested  for  a 
single  aperture  shape,  and  resonance  frequencies  lor  three  thicknesses  are 
shown  in  Fig.  41(al.  For  thest;  samples,  the  resonance  frequency  is  inde¬ 
pendent  of  incidence  angle  out  to  6  ■■=  30  degrees,  and  changes  only 

2.5  percent  as  the  incidence  angle  increases  to  40  degrees.  It  is  also 
significant  to  note  that  the  points  shown  out  to  &  =  40  degrees  are  within 

1.5  percent  of  the  cut-off  frequency  of  a  waveguide  of  the  same  cross 

section  as  the  apertures.  The  value  =  9.2ti  k.Mc  was  meoisur  '  using  a 

*  T^«  3*db  VAt  aettyred  for  «  fe«  of  the  fL*T'Alrip  »od  fouod  lo  be  t  *0  pcrc«Bi. 

Tbc  I  ifidvidtb  «pp«Ar«d  to  bit  ucArly  indepcadvat  of  Aperture  d»««et«r,  AAnple  tbickaesA,  -i  the  ABgle  of 
iacidtAce . 
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TABLE  S 

DIUEMSIQNS  OF  BAMFLES  PERFORATED  BY  BIOGE-LOAOED  CIBCULAB  APERTCBE^ 


A 

B 

Sample  type 

Flit-atrip 

Flat-panel 

Shepe  of  aperture 

Quadruply  ridged  circlea 

Quadruply  ridged  cirrlee 

Layout  of  eperturei 

Rectangular  array 

Hexagonal  array 

Aperture  diameter,  D 

0.6&S  inch 

0.500  inch 

Ridge  width,  w 

0.172  inch  =  0.25  D 

0.077  inch  =  0.154  D 

Ridge  length,  1 

0.162  inch  0.236  D 

0.161  inch  »  0.322  D 

Fillet  radiua,  r 

0.062  inch  =  0.091  D 

0.031  inch  =  0.062  Z> 

Aperture  center- to-center  apacing,  t 

0.750  inch 

0.688  inch 

Ratio  (*  “  D)/i 

0.083 

0.273 

Mininun  width  of  aelftl  between 
eperturea 

0.  U6  inch  =  0. 195  a 

0.188  inch  =  0.273  t 

Thiclmeua  of  saoplea,  t 

0.084,  0.124  and 

0.  192  inch 

0.064  inch 

Height  of  aaople 

0.900  inch 

12  inches 

Width  of  aaople 

24  inches 

24  inches 

waveguide  cavity  similar  to  that  shown  in  fig.  36.  The  dashed  curve  in 
Fig.  41(a)  shows  the  lowest  frequency,  f^,  for  which  diffracted  wave*  can 
be  radiated  from  the  sample,  i.e.,  is  the  frequency  for  which  the  in¬ 
equality  of  Eq.  (3)  becomes  an  equality.  For  the  measured  points  lying 
below  the  dashed  curve,  100-percent  transmission  was  obtained  at  the 
resonance  frequency  of  each  of  these  samples.  For  the  points  above  the 
dashed  curve,  however,  only  25  to  50  percent  power  transmission  was  ob¬ 
tained  at  resonance,  indicating  that  energy  was  indeed  being  taken  from 
the  transmitted  wave  and  being  radiated  as  diffracted  waves. 

The  bandwidth  of  the  flat-strip  samples  perforated  by  ridge-loaded 
apertures  is  plotted  in  Fig.  41(b).  The  3-db  bandwidth  is  shown  since 
this  is  a  parameter  commonly  used  to  describe  resonant  structures.  For 
a  resonant  psrforated-metal  sheet  embedded  within  a  radome,  the  bandwidth 
over  which  its  presence  would  net  affect  the  electrical  performance  of  the 
radome  would  be  significantly  smaller  than  the  3-db  bandwidth.  The  usable 
bandwidth  of  a  radome  containing  a  resonant-perforated  metal  sheet,  would 
of  course,  depend  on  the  type  of  radome.  the  dielectric  constants  of  the 
materials  used,  and  the  polarization  and  range  of  incidence  angles  over 
which  the  radome  is  used,  as  well  as  on  the  metal  sheet  itself.  The  elec¬ 
trical  performance  of  radomes  containing  resonant  perforated-metal  sheets 
has  not  been  calculated  or  measured. 
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FIG.  41 

MEASURED  RESONANCE  FREQUENCY  AND  BANDWIDTH  OF  FLAT  METAL  STRIPS 
PERFORATED  BY  RIDGE-LOADED  APERTURES 
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The  peraiiei-piate  trinsniBSton  line  csneot  be  ueed  ta  measure  the 
electrical  perfornance  of  aamplea  for  the  case  of  perallel-polar ixed  aaves 
incident  on  the  aample  at  near-norMal  incidence.  Thua,  a  flat  metal  sheet 
was  perforated  by  a  hexagonal  array  of  ridge-loaded  apertures,  aa  shown 
ir.  Fig.  42,  and  described  under  Ckiiumn  B  of  Table  8.  The  trananiasion  of 
this  flat-panel  aample  was  measured  aa  a  function  of  frequency  using  the 
equipment  set-up  outlined  in  Fig.  38.  The  resonance  frequency  and  band' 
width  of  the  sample  ate  ahown  in  Fig.  43  aa  functions  of  incidence  angle 
for  the  cases  where  the  incident  waves  are  polarized  either  perpendicular 
or  parallel  to  the  plane  of  incidence.  The  cut-off  frequency,  of  a 

waveguide  of  the  same  cross  section  as  the  apertures  was  not  measured,  and 
there  is  not  sufficient  information  in  Fig.  37  that  the  effect  of  the 
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FIG.  42 

FLAT-PANEL  SAMPLE  Of  A  RESONANT  PERFORATED  METAL  SHEET 
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upper  curve  o£  Fig.  37.  however,  and  the  curves  of  Fig.  35.  one  omy  estimate 
the  cut-off  frequency  of  the  waveguide  to  be  9.3  IcMc.  Thus,  the  resonance 
frequency  of  the  perforated  metal  sheet  is  within  about  12  percent  of 
The  resonance  frequency  of  this  sample  changes  slightly  with  angle,  even 
near  normal  incidence.  The  frequency  variation  ia  amall  enough  compared 
to  the  bandwidth,  however,  that  high  transmiasion  can  be  obtained  over  a 
usable  range  of  incidence  angles,  “ihe  transmission  for  wsves  of  both 
polar itstions  arc  plotted  in  Fig.  44  for  a  single  frequency.  From  this 
figure  it  is  seen  that  at  least  93  percent  power  transmission  can  be  ob¬ 
tained  for  either  perpendicularly  or  parallel  polarized  waves  incident  at 
any  angle  out  to  B  ■  40  degreea.  The  incidence  angle  within  a  radome  for 
a  wave  passing  through  the  radome  cannot  exceed  40  degrees  for  radome 
materials  of  relative  dielectric  constant  greater  than  2.4. 

In  addition  to  the  desired  resonance,  at  which  all  the  incident 
energy  is  transmitted,  a  spurious  resonance  of  the  flat-panel  sample  was 
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FIG.  44 

MEASURED  TRANSMISSION  VS.  INCIDENCE  ANGLE  FOR  THE 
FUT-PANEL  PERFORATED  METAL  SHEET 
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observed  at  which  nearly  til  of  the  incident  energy  is  reflected,*  Th? 
frequency  of  the  spurious  resonance  is  only  a  few  percent  above  that  of 
the  desired  resonance,  and  it  is  relatively  narrow-band  compared  to  the 
desired  resonance.  Thus,  the  spurious  resonance  appears  as  a  deep  notch 
in  the  frequency  response  of  the  sample.  This  notch  is  observed  for 
oblique  incidence  for  some  orientations  of  the  fields  of  the  incident  wave 
with  respect  to  the  plane  of  incidence  and  with  respect  to  the  pattern  of 
apertures,  but  it  is  not  observed  for  all  orientations.  Time  did  not 
permit  the  origin  of  the  spurious  resonance  to  be  determined  on  this  con¬ 
tract  The  transmission  properties  of  perforated  metal  sheets  are  also 
of  interest  wish  respect  to  an  antenna  application.^  It  is  anticipated 
that  the  origin  of  the  spurious  resonance  will  be  investigated  further  in 
the  course  of  the  antenna  study.  Presently  available  information  indicates 
that  perhaps  the  spurious  resonanc<-  is  due  to  a  higher-order  mode  in  the 
apertures.  If  this  is  ihe  correct  explanation,  then  the  frequency  of  the 
spurious  resonance  could  be  moved  away  from  that  of  the  desired  resonance 
by  using  different  loading  than  was  used  with  the  flat-panel  in  Fig.  42 
It  might  be  possible  to  change  the  loading  sufficiently  by  simply  changing 
the  length  of  the  ridges,  or  it  might  be  necessary  to  use  an  aperture  shape 
with  more  chan  four  ridges,  such  as  shown  in  fig.  33(c}. 

Returning  to  the  consideration  of  the  desired  resonance  of  perforated 
metal  sheets,  it  was  stated  previously  that  the  resonance  frequency  was 
expected  to  be  simply  related  to  the  cut-off  frequency  of  a  waveguide  that 
has  the  same  cross  section  as  the  apertures  in  the  metal  sheet.  This  was 
found  t-i  apply  to  some  of  the  samples  tested,  but  not  to  others.  Thus, 
the  cut-off  frequency  of  the  apertures  must  be  only  one  of  the  factors 
that  influences  the  resonance  frequency  of  a  perforated  metal  sheet. 

Another  factor  that  might  influence  the  resonance  frequency  is  the  energy 
stored  in  the  nonpropagating  modes  corresponding  to  waves  diffracted  at 
imaginary  angles  It  is  known,  for  instance,  chat  these  modus  can  influ¬ 
ence  the  reactance  of  a  parallel  array  of  wires  The  effect  of  these  modes 
is  taker,  into  account  by  the  correction  term,  consisting  of  an  infinite 
summation,  used  in  the  theoretical  formulas  for  the  reactance  of  wire 
grids. For  a  given  wire  spacing  and  incidence  angle,  the  correction 
term  is  relatively  aniiiipor  cant  until  the  frequency  approaches  that  at  which 
diffracted  waves  are  radiated  at  real  angles 


*  The  «pace  around  the  •»&  «.:h  •  hc>*n  4ft(i  d4;t«^Cuir.  nud  it  found  tb«t  Lb«  caergy  «!• 
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Th«t  thete  aonpropagiting  taoiaa  atay  aUo  iafluauea  the  raa^.*. 

{rcqucncy  o£  a  perforatad  uatal  thaet  la  auggeated  by  the  curvea  of 
Fig.  4St  where  the  data  have  been  auauaar iied  £of  the  various  aaaplea  o£ 
per£ortted  aetal  aheeta.*  l£  the  reaonance  frequency  o£  etch  aample 
depended  only  on  the  cut-o££  frequency  of  ita  aperturea,  the  curvea  in 
Fig.  45  would  be  horizontal  linea.  1£,  on  the  other  hand*  the  reaooance 
frequenciea  were  conatent  fractiona  of  the  frequency  /j,  at  which  diffrac¬ 
tion  oCcura,  the  curves  would  be  vertical  linea.  The  curvea  shown  in 
Fig.  45  indicate  that  the  resonance  frequency  of  a  perforated  metal  shoet 
depends  both  on  the  cut-off  frequency  of  ita  aperturea,  and  on  the  fre¬ 
quency  at  which  diffraction  can  occur.  Also  note  that  the  slope  of  the 
curvea  for  four  of  the  aia  aamplea  incteaaea  as  the  ratio  /,//^  approaches 
unity.  This  indicates  that  the  closer  the  condition  for  diffraction  is 
approached,  the  more  strongly  the  resonance  frequency  depends  on  the  energy 
stored  in  the  nonpropagsting  modes,  and  thus  the  more  the  resonance  fre¬ 
quency  changes  v-ith  incidence  angle  •  There  is  not  any  clear-cut  criterion, 
however,  that  can  be  applied  to  ail  aaep<lea  to  determine  how  far  must 
be  from  in  order  that  the  resonance  frequency  be  independent  of  the 
incidence  angle.  The  resonance  frequency  of  a  metal  sheet  perforated  by 
circular  apertures  depends  much  more  on  the  incidence  sngle  than  does  that 
of  a  metal  sheet  perforated  by  ridge-loaded  apertures.  It  is  not  evident 
why  the  electrical  performance  of  s  perforated  metal  sheet  depends  so  much 
on  the  shape  of  the  aperturea. 

It  can  be  seen  from  the  results  of  the  limited  number  of  neaaurements 
made  on  this  program,  that  resonant  perforated-metal  sheets  show  promiae 
sa  incluaiona  for  radomea.  It  is  also  seen  that  care  muat  be  used  in  the 
choice  of  the  dimensions  and  shape  of  the  perforations.  If  these  metal 
incluaiona  turn  out  to  be  mechanically  promising  also,  further  effort 
should  be  devoted  to  obtaining  sdditional  electricsl  design  data. 

RESONANT-WALL  lUDOMES  WITH  AIR-FILLED  CAVITIES 

Resonant -wal 1  radomes.  as  were  described  in  Sec.  II,  consist  of  a 
thick  metal  plate  perforated  by  a  number  of  resonant  cavities.  The  con¬ 
dition  for  no  diffraction  from  the  rsdome  determines  the  maximum  center- 
to-center  spacing  between  the  cavities,  which  also  pIsces  sn  upper  bound 

*  For  tk*  otk*  at  cltrity,  »oi  oil  iko  point*  tor  tko  »*riou»  tkick******  o(  tick  typo  of  luipl*  koto  k«o* 
Alao,  poiot*  kooo  boo*  eaittod  /or  rotoauco  /royuonoi**  iuck  tkot  Si/itactioi  e**  occur,  *i*c* 
tk*  «*»t*y  i*  tk*  Ji//r*et»d  ck»H*»  rooc'i’*  ♦■•'Sr  to  niiitod  «**rfy  for  >  /j. 
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on  the  diameter  of  the  cavities.  Except  for  applications  where  the 
incidence  angle  13  small,  the  cavity  diameter  turns  out  to  be  too  small 
for  energy  to  propagate  through  circular  air-filled  cavities.  One  way  to 
lower  the  cut-off  frequency  so  that  energy  can  propagate  through  closely- 
spaced  cavities  is  to  fill  the  cavities  with  dielectric,  as  was  shown  in 
Fig.  1.  For  resonant -wa 1 1  radomes  such  as  in  Fig.  1(a),  the  dielectric 
plugs  also  preserve  the  physical  continuity  of  the  radome  surface.  If  the 
outer  surface  of  t!ie  ludome  is  covered  by  a  layer  of  uniform  dielectric, 
such  as  in  Figs.  l(,b),  1(c),  and  1(d),  the  di  e  iect  ric  plugs  are  not  necessary 

from  a  mechanical  standpoint.  In  fact,  use  of  the  dielectric  plugs  pre¬ 
sents  mechanical  problems  with  respect  to  the  initial  mounting  of  the 
plugs,  and  with  rt.spett  to  differential  thermal  expansion  between  the 
dit Itctric  and  the  metal  The  use  of  the  dielectric  plugs  also  presents 
electrical  problems,  such  as  excessive  dissipation  loss  in  the  dielectric, 
and  detuning  of  the  cavities  with  variation  of  dielectric  constant  from 
plug  tc  plug  and  variation  of  the  dielectric  constant  with  temperature. 

.Since  the  dielectric  plugs  in  the  cavities  of  r esonant-wal  1  radomes 
presenr  several  problems,  it  would  be  desirable  to  eliminate  them  when 
they  are  not  required  to  complete  the  surface  of  the  radome.  It  is  now 
propo.ced  that  instead  of  using  dielectric  in  the  cavities,  that  ridge 
loading  of  the  cavities  be  uied  to  lower  their  cut-off  frequency  below 
r.iie  operating  frequency  of  the  radome.  The  ridges  would  take  the  form  of 
metal  strips  running  lengthwise  through  the  cavities,  so  that  the  cavities 
would  have  cross  sections  similar  to  those  shown  in  Fig.  33.  This  approach 
tu  me  construction  of  resonant  wail  radomes  is  suggested  by  the  results 
fo!  metal  sheets  perforated  by  r  idge ■ loaded  apertures  as  reported  in  the 
preceding  pages.  Although  the  emphasis  there  was  on  relatively  thin  metal 
shoots,  data  were  taken  using  flat-.strip  samples  up  to  0.400  inch  thick. 

The  transmission  of  these  flat-scrip  samples  was  measured  in  the  parallel- 
plate  transmission  line  using  perpendicularly  polarized  waves.  As  shown 
in  Fig.  41  the  resonance  frequency  was  independent  of  incidence  angle  until 
the  condition  where  diffraction  could  occur  w.e.s  approached,  The  bandwidth 
of  the  thickest  sample  is  of  the  same  order  of  magnitude  as  those  of  the 
resonant -wal i  radome  samples  Radomes  A,  B,  and  C,  described  in  Sec.  II. 

The  concept  of  using  air-filled,  ridge-loaded  cavities  for  dielectric- 
covered,  resonant -wa 1 1  radomes  was  originated  too  late  to  be  developed 
further  on  the  present  contract.  It  is  recommended  that  additional  design 
data  be  obtained,  and  a  radome  panel  built  and  tested  in  free  space. 
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SECTIOH  IV 


omijsions  Am  mmumATians 

CONCLUSIONS  OF  THE  STUDY 

Of  the  aetal-Iotded  radonei  atudied  on  thi*  coatract.  aa  well  aa  thoae 
atudied  on  a  previoua  contract, ^  the  r aaocant-wall  radoaea  appear  aoat 
proffliaing  aa  high^atrength  radoaea,  aince  theae  radoaes  contain  a  rela¬ 
tively  high  percentage  of  metal.  Thua,  emphaaia  during  the  preaent  program 
haa  been  placed  on  inveatigating  the  electrical  propertiea  of  reaoaant-wall 
radomea.  The  baaic  eleaent  in  theae  reaonant-wal 1  radosea  ia  a  relatively 
thick  metal  plate  perforated  by  reaonant  cavitiea.  In  general,  it  haa  been 
found  that  reaonant-wall  radomea  can  be  deaigned  to  give  high  tranamisaion 
over  a  wide  range  of  incidence  anglee,  but  over  a  more  reatricted  frequency 
bandwidth,  and  with  alightly  larger  inaertion-phaae-delay  variation  aa  a 
function  of  incidence  angle  than  ia  obtained  with  conventional  half- 
wavelength  and  full-waveiength  radomea.  Other  pbaaea  of  thia  contract  have 
ahown  that  it  ia  electrically  feaaible  to  embed  wire  grida  within  A-aandwicb 
radomea  with  dielectric  conatanta  typical  of  ceramic  akina  and  corea,  and 
they  indicate  that  it  might  be  electrically  feaaible  to  embed  aelf- reaonant 
perforated  metal  aheeta  within  A-sandwich  radomea.  An  initial  inveatigation 
indicatea  that  it  may  be  poaaible  to  uae  air-filled  rather  than  dielectric- 
filled  cavitiea  in  aome  reaonant-wall  radoaea.  More  specific  concluaiona 
regarding  metal- loaded  radomea  atudied  on  thia  contract  are  given  in  the 
following  paragrapha. 

The  empirical  deaign  data  preaented  in  this  report  can  be  used  to 
design  several  configurations  of  reaonant-wall  radomea.  The  metal  atruc- 
ture  in  each  of  theae  radomea  consists  of  a  thick  metal  plate  perforated 
by  a  number  of  dielectric-filled  circular  waveguides,  which  form  resonant 
cavities.  For  the  configurations  where  a  layer  of  dielectric  is  in  contact 
with  one  aurfece  of  the  metal  plate,  or  where  the  metal  plate  is  used  by 
itself,  the  data  cover  a  fairly  large  range  of  metal  plate  and  surface 
dielectric  thickneasea.  The  data  can  also  be  used  Co  design  resonant-wall 
radumes  with  a  layer  of  dielectric  in  contact  with  each  surface  of  the 
metal  plate,  fot'  which  case  only  a  very  limited  range  of  dielectric 
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^£CtlON  TV 

CONCLUSIONS  AND  RECOMMefOMTIONS 

CONCLUSIONS  OF  THE  STUDY 

Of  tbc  ««tKl»loa<led  rttdomes  studied  on  this  cd&iract,  •«  well  ««  thoie 
iiudied  on  ■  previous  coabrAct,^  the  rcAORAnt^wil 1  rAdoueA  eppeer  ao&t 
promieibg  aa  high-strength  redoacs,  since  these  rAdomes  contAin  a  rclA* 
tively  high  p'*rcentAge  of  aetsl.  Thus,  eaphAsis  during  the  present  progrAa 
Has  been  pieced  on  investigsting  the  electricsl  properties  of  resonent-wsl 1 
redoffles.  The  bssic  eleuent  in  these  resonAnt-wsl 1  rsdoaes  is  s  reletively 
thick  metsl  piste  perfarsted  by  reso&snt  esvities^  In  genersli  it  hss  been 
found  thet  resonsnt-WAl 1  redomeA  cen  be  designed  to  give  high  trenAttieeion 
over  A  wide  renge  of  incidence  englee,  but  over  a  more  restricted  frequency 
bsndwidth,  end  with  slightly  li|:ger  insertton-pKAse'delsy  vsristion  As  A 
function  of  incidence  Angle  then  is  obtsined  with  conventions!  hslf- 
WAvelcngth  sad  full-wsvelength  rsdomes.  Other  phases  of  this  contract  have 
shown  that  it  is  electrically  feasible  to  eabed  wire  grids  within  A-aandwich 
rsdomes  with  dielectric  constsata  typical  of  ceramic  skins  and  cores,  and 
they  indicate  that  it  might  be  electrically  feasible  to  embed  self -reionant 
perforated  metal  aheeta  within  A-sandwich  radomes.  An  initial  inveatigatton 
indieatea  that  it  may  be  possible  to  use  air-filled  rather  than  dielectric- 
filled  cavities  in  some  resonant-wall  redomea.  More  specific  conclusions 
regarding  metal- loaded  radomes  studied  on  this  contract  are  given  in  the 
following  paragraphs. 

The  empirical  design  data  presented  in  this  report  can  be  used  to 
design  several  configurations  of  resonant-wall  radomes.  The  metal  struc¬ 
ture  in  each  of  these  rsdomes  consists  of  a  thick  aetsl  plate  perforated 
by  e  number  of  dielectric-filled  circular  waveguides,  which  form  resonant 
cavities.  For  the  configurations  where  a  layer  of  dielectric  is  in  contact 
with  one  surface  of  the  metal  plate,  or  where  the  metal  plate  is  used  by 
itself,  the  data  cover  a  fairly  large  range  of  metal  plate  and  surface 
dielectric  thicknesses.  The  data  can  also  be  used  to  design  resonant -wal 1 
radomes  with  a  layer  of  dielectric  in  contact  with  each  surface  of  the 
metal  plate,  for  which  case  only  a  very  limited  range  of  dielectric 
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diclectriu  laight  Ue  required  on  the  outer  eurfsce 
rain  erosion  at  the  dielectr io'to-uetal  joints  in 
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design  radones  consiating 
mentioned  covered  by  a 
e  resonant -wal 1  radome. 


For  values  of  cavity  diameter  sufficiently  large  that  the  TFj ^ 
circular-waveguide  mode  can  propagate  through  the  cavitiea,  the  bandwidth 
of  a  resonant-wail  radome  increases  as  the  envity  diameter  is  increased 
For  resonant - wal I  radomes  of  a  given  thicknesa  without  dielectric  in  con¬ 
tact  with  either  surface,  wider  bandwidth  ia  obtained  by  operating  the 
radome  at  the  second-order  resonance  than  at  the  first-order  resonance. 

(The  first-order  and  second-order  resonances  are  defined  as  those  at  which 
the  cavities  are  appruxinstely  O.S  and  X^j  in  length,  respectively. 

These  resonances  are  annlogous  to  those  of  the  conventional  half-wavelength 
and  full-wavelength  radomes.  Here  X^j,  is  the  guide  wavelength  in  s  cir¬ 
cular  waveguide  of  the  same  diameter  and  filled  with  the  same  dielectric 
as  the  cavities.)  It  is  expected  that  the  bandwidth  of  s  reaonsnt-wsll 
radome  will  always  be  lest  than  that  of  a  conventionsi  uniform-dielectric 
radome  of  the  same  physical  thickness,  and  constructed  of  the  same  dielec¬ 
tric  as  the  resonant-wal 1  radome.  (For  example,  the  3'db  bandwidth  of  a 
particular  resonant-wall  radome  operated  at  its  first-order  resonance, 

Radome  A,  was  smaller  than  that  of  a  comparable  half -wavelength  radome  by 
a  factor  of  0.17.  The  3-db  bandwidth  of  a  particular  resonant-wall  radome, 
Radome  C,  was  asaller  than  that  of  a  comparable  full -wavelength  radome  by 
a  factor  of  0.47.)  Besonant-wal 1  radomes  are  intrinsically  narrow-bandwidth 
devices  when  they  are  used  with  perpendicularly  polarised  waves  incident 
on  the  radome  at  wide  angles. 


It  is  possible  to  represent  the  perforuted  metal  plate  of  resonant ' 
wall  radomes  as  Deing  equivalent  to  a  length  of  transmiasion  line  termi¬ 
nated  at  each  end  by  a  reactive  discontinuity  plus  the  equivalent  conduc- 
tsnee  of  the  medium  at  each  surface  of  the  metal  plate.  (Dielectric  layers 
in  the  radomes  are  of  course,  also  equivalent  to  lengths  of  transmission 
line.)  Formulas  for  the  parameters  of  this  equivalent  circuit  have  not 
been  rigorously  derived.  These  parameters  can,  however,  be  calculated 
approximately  from  formulas  in  the  open  literature  that  were  derived  for 
structures  having  some  physical  resemblance  to  various  regions  of  the 
resonant-wal 1  radome.  Using  the  approximate  circuit  values  for  two  resonant 
wall  radomes  without  surface  dielectric,  Radomes  A  and  Q,  the  calculated 
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cicctricii  pcr^omince  iy  tfes  :fadsss  ha&dwidLtt.  Liii 

effect  of  dieiipetioa  io»e,  end  the  cbeoge  in  reeonence  £f«(|ueacy  ee  the 
incidence  engle  end  polerieetion  c.Henge,  The  teeonence  fretjueaciue  ere 
elto  predicted  with  only  e  emell  error,  the  error  in  reionence  frequenciee 
for  Redomee  A  end  B  beia|;  only  0.4  percent  end  1.3  percent,  reepectiwely. 

The  calculated  reaonance  frequency  of  a  reionant-wal I  radowe  with  dieleC“ 
trie  in  contact  with  one  aurface,  Uadone  C,  agreed  with  the  neaaured  value 
within  1.6  percent.  Even  theae  anall  diacrepanciea  can  be  elininated  by 
properly  locating  the  reference  planet  at  which  the  teriainala  of  the 
equivalent  circuit  are  taken.  A  general  formula  for  determining  the 
reference  plane  iocationt  haa  not.  however,  been  developed. 

Reaonent-wall  redomea  give  high  tranamiaaion  over  •  fairly  wide  range 
of  incidence  anglea  over  a  limited  frequency  range,  aa  demonatrated  by 
both  the  calculated  end  meaaured  date  preaented  in  thia  report.  At  ita 
firat'order  reaonance,  a  aaraple  without  aurface  dielectric,  Badome  A.  givea 
at  leaat  70  percent  power  tranamiaaion  out  to  an  incidence  angle  of 
74  degreea  for  wavea  polatited  either  perpendicular  or  parallel  to  the 
plane  of  incidence.  When  the  naaimum  incidence  angle  i»  limited  to 
60  degreea.  the  power  tranamiaaion  ia  at  leaat  70  percent  for  wavea  of 
either  poUrixation  over  a  2.2-percent  frequency  bandwidth.  When  operated 
at  ita  aecond-order  reaonance,  thia  radome  aample  ia  deaignated  aa  Radome  B, 
and  givea  at  leaat  80-percent  power  tpantaieaion  out  to  an  incidence  angle 
of  80  degreea  for  wavea  of  either  polar ixetion.  The  bandwidth  for  70  per¬ 
cent  power  tranamiaaion  of  wavea  of  either  poleriietion  ia  2.1-percent  or 
3,3-percent  when  the  meximum  incidence  angle  ia  limited  to  70  degrees  or 
60  degreea,  respectively.  The  calculated  power  tranamiaaion  of  a  rcaonant- 
wall  radome  with  dielectric  in  contact  with  one  surface,  Radome  C,  ia  at 
least  70  percent  out  to  an  incidence  angle  of  70  degreea  for  wevea  of 
either  poUrixation.  The  calculated  bandwidth  for  70  percent  power  trena- 
mission  of  wavea  of  either  poUrixation  is  1.7  percent  when  the  mexiroura 
incidence  angle  is  limited  to  60  degrees. 

It  appears  that  curved  reaonent-wall  radomea  would  have  alightly  higher 
boreaight  error  than  uniform-dielectric  redoraes  of  the  seme  physical  thick¬ 
ness.  This  conclusion  is  baaed  on  a  comparison  of  the  inaertion-phsae-deUy 
characteristics  of  the  varioua  redomee  ea  the  incidence  angle  changes. 

Since  the  insertion  phase  delay  depends  on  the  thickness  of  a  radome,  as 
well  as  on  the  type  of  radome.  the  radomea  were  not  compared  directly. 
Rather,  the  variation  in  insertion  phase  delay  of  each  radome  was  compared 
with  the  variation  in  electrical  thickness  of  a  layer  of  air  of  the  same 
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physical  thickness  aS  the  respective  radome.  (See  the  footn.ite  at  the 
bottom  of  p  25  ) 


X  brief  study  of  the  transmission  properties  of  ceramic  i4-sanclwich 
radomes  has  shown  that  it  is  electrically  feasible  to  embed  wire  grids 
within  these  radomes.  These  metal-loadcd  4-sandwich  radomes  have  the 
electrical  advantages  over  conventional,  unloaded  /i-sandwich  radomes  that 
they  give  high  transmi.ssion  out  to  wider  incidence  angle.s,  and  the 
tolerance  required  on  core  thickness  is  less  stringent  These  results  are 
the  same  as  reported  in  Hcf.  1  for  metal- loaded  4-sandwich  radomes  using 
lower-die Icctric-constant  materials.  h'or  the  present  study,  the  wire  grids 
were  located  at  the  skin-to-core  interfaces,  but  it  seems  likely  that  it 
would  also  be  electrically  feasible  to  locate  the  grids  within  the  skins 
or  within  the  core  There  is  a  limit  to  the  reactive  discontinuity  that 
can  be  introduced  by  the  wire  grids  if  high  transmission  over  a  wide  range 
of  incidence  angles  is  required.  Thus,  there  is  a  limit  on  the  amount  of 
metal  that  can  be  included  in  the  radome.  It  might  be  possible  to  sub¬ 
stitute  inductive  perforated  metal  sheets  lor  the  wire  grids  in  some 
designs.  The  electrical  performance  of  4-.sandwich  radomes  containing 
perforated  metal  sheets  cannot  be  calculated,  however,  since  the  equivalent 
circuit  of  a  perforated  metal  sheet  located  at  or  near  a  discontinuity  in 
dielectric  constant  is  not  known. 

A  se  1  f - resonant  perforated-metal  sheet  also  appears  promising  for 
inclusion  within  4-sandwich  radomes.  The  apertures  in  this  metal  structure 
are  resonant,  analogous  to  the  resonant  coupling  apertures  used  in  wave¬ 
guide  structures  such  as  TR  tubes,  and  thus  all  the  incident  energy  is 
transmitted  through  the  metal  sheet.  The  data  quoted  in  this  report  show 
that  it  is  possible  to  obtain  high  transmission  through  a  resonant 
per f or ated - me t a  1  sheet  over  the  range  of  incidence  angles  likely  to  be 
encountered  within  the  core  of  a  ceramic  4-sandwich  radome.  The  electrical 
performance  of  a  radome  containing  this  type  of  metal  inclusion  has  not 
been  determined  to  date 

For  resonant-wall  radome  configurations  where  the  metal  plate  is 
covered  by  a  layer  of  dielectric,  it  appears  possible  to  eliminate  the 
dielectric  from  the  resonant  cavities  in  the  metal  plate.  When  the  per¬ 
forated  metal  plate  is  covered  with  dielectric,  the  dielectric  plugs  in 
the  resonant  cavities  are  not  required  to  maintain  the  physical  continuity 
of  the  radome  surface.  They  do  serve  the  electrical  function,  however,  of 
lowering  the  cut-off  frequency  of  the  cavities  in  the  metal  plate  below 
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the  operating  frequency  of  the  radoKe.  Another  coffifflonly  used  technique 
for  lowering  the  cut-off  frequency  of  a  waveguide  is  to  ridge- load  the 
waveguide.  The  data  available  to  date  indicate  that  it  may  be  possible  to 
use  ridge- loading  rather  than  dielectric- loading  in  the  cavities  of  some 
resonant -wal 1  radomes.  This  concept  requires  further  development. 

nECOMMENDATIONS  FOB  FUTURE  WORK 

The  investigations  described  here  have  been  primarily  concerned  with 
radomes  that  contain  thick  metal  inclusions  and  that  have  good  electrical 
perfcrmance  over  a  range  of  incidence  angles  from  0  to  85  degrees  for  waves 
polarized  either  perpendicular  or  parallel  to  the  plane  of  incidence. 

There  are  a  number  of  applications,  however,  where  radomes  operate  over 
a  more  restricted  range  of  angles,  or  for  only  one  polarization.  Metal- 
loaded  radomes  should  be  investigated  for  these  applications  also. 

Most  of  the  effort  on  the  present  program  was  devoted  to  an  experi¬ 
mental  investigation  of  the  electrical  properties  of  resonant -wsl 1  radomes. 
To  thoroughly  explore  the  properties  of  a  radome  with  as  many  independent 
parameters  as  the  various  resonant-wall  radome  configurations  have  would 
take  a  much  larger  experimental  program  than  waa  possible  on  the  present 
contract.  Late  in  the  contract,  some  fairly  accurate  equivalent  circuits 
were  developed  for  resonant- wall  radomes.  Calculations  based  on  these 
equivalent  circuits  could  be  carried  out  using  an  electronic  digital 
computer  to  investigate  a  wide  range  of  design  parameters.  Additional 
information  about  the  properties  of  resonant-wall  radomes  could  be  obtained 
this  way  with  much  less  effort  than  by  an  extensive  experimental  program. 

The  limited  amount  of  data  available  to  date  indicates  that  thin  metal 
sheets  perforated  by  ridge-loaded  circular  apertures  appear  electrically 
promising  for  inclusion  within  i4-sandwich  radomes.  Also,  thick  metal  plates 
perforated  by  the  same  aperture  shape  appear  promising  as  the  metal  element 
in  resonant -wal 1  radomes  that  are  covered  with  a  layer  of  dielectric.  Both 
of  these  topics  should  be  investigated  further. 
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APPENDIX  A 

PAIULLEL-PUTE  HUNSMISSION-LINE  SET-UP  POB  MEASURING  TIBS 
ELECTRICAL  PERFX)RMANCE  OF  FLAT- STRIP  RADOME  SAMPLES 


DESCRIPTION  OF  EQUIPMENT 

Equipment  for  measuring  the  power  transmission  coefficient  and 
insertion  phase  delay  of  flat-strip  radome  samples,  such  as  shown  in 
Fig.  12.  at  any  frequency  between  8.2  and  12.4  ki  lomegacydes  is  shown  in 
Figs.  46  and  47.  This  equip’xent  is  a  microwave  bridge  circuit  in  which 
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the  amplitude  and  phase  of  a  signal  passing  through  the  radome  sample  are 
compared  with  the  amplitude  and  phase  of  a  reference  signal.  The  bridge 
is  balanced  with  and  without  the  sample  present  using  a  precision  attenuator 
and  phase  shifter.  The  differences  in  the  readings  give  the  insertion  loss 
and  insertion  phase  delay  of  the  sample.  The  equipment  set>up  and  measure¬ 
ment  procedures  are  essentially  the  same  as  more  familiar  free-space 
measurement  set-ups,  except  that  the  free-space  region  is  replaced  by  the 
paral lei -plate  transmission  line  described  in  Table  9. 

The  par al lei -p 1  at e  transmission  line  consists  of  two  plane  conducting 
plates  between  which  energy  is  transmitted  by  a  horn  at  the  edge  of  the 
plates  A  portion  of  this  energy  is  received  by  a  second  horn  diametrically 
across  the  conducting  places  from  the  transmitting  horn.  A  flat-strip 
radome  sample  inserted  in  che  transmission  line  is  mirrored  in  the 
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TABLE  9 

DIUOtSlONS  Of  PAtULUX'fUTE  ’mANSUlSSIQN>LIN£  SET  UP 


DiaiMter  of  coaducting  platts 

24  iachta 

yaterial  uiad  to  coaatruct  conducting  piatea 

Aluminuii  tool  and  jig  plata 

Spacing  between  conducting  piatea,  a 

0.900  inch 

Utiforaity  of  conducting-plite  apaeittg 
thrar  tntire  lurfacei 

10.002  inch 

At  location  of  radoaui  aaaplei 

tO.OOOS  inch 

Inaide  height  of  horiia 

0.90  inch 

lukide  width  of  horni.  w 

2.40  iachaa 

Operating  frequency  range 

8.2  to  12.4  kUc 

Far- field  region  of  horija  2a^/X 

8  0  to  12. 1  inebea 

(conducting  plates  so  that  it  is  equivalent  to  a  flat-panel  radome  sample 
^  of  infinite  height.  The  edges  of  the  conducting  plates  were  made  in  a 

;  circular  shape  so  that  the  angle  at  which  energy  is  incident  on  the  radome 

I  samples  can  be  varied  by  rotating  the  conducting  plates  about  their  centers. 

I  Waves  may  be  excited  between  the  conducting  plates  with  the  electric  field 

I  either  vertical,  i.e.,  perpendicular  to  the  ground  planes,  or  with  the 

I  electric  field  horizontal.  The  equivalence  between  these  waves  and  waves 

in  free  space  will  be  discussed  following  the  description  of  the  equipment. 

The  paral lei -pi ate  transmiss ion- 1 ine  set-up  was  constructed  because 
j  it  combines  most  of  the  advantages  of  free-space  set-ups  and  waveguide 

set-ups  yet  retains  few  of  the  disadvantages  of  each.  Waveguide  set-ups 
have  the  advantages  that  very  small  samples  can  be  used  and  accurate  data 
can  be  obtained,  but  they  have  the  disadvantages  that  the  incidence  angle 
cannot  be  varied  continuously  at  a  fixed  frequency,  and  it  is  not  con¬ 
venient  to  vary  the  polarization  of  the  incident  waves.  Free-space  set-ups 
have  the  advantage  that  the  incidence  angle  and  polarization  of  the  inci¬ 
dent  waves  can  be  readily  varied,  but  tney  have  the  disadvantages  that 
rather  large  radome  samples  are  required,  and  inaccuracies  are  introduced 
by  stray  reflections  around  the  set-up  and  by  diffraction  from  the  edges 
of  the  sample 

The  width  of  the  samples  used  in  the  parallel-place  transmission  line 
is  comparable  to  that  required  for  free-space  samples,  but  the  height  is 
significantly  smaller.  A  termination  is  placed  around  the  perimeter  of 
the  conducting  planes  to  prevent  energy  from  reaching  tlse  receiving  horn 
by  reflections  from  objects  near  the  set-up,  and  to  prevent  diffraction 
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froa  the  ends  of  the  «aaple.  These  terminetiens  tleo  eliitiftete  etendiBe 
waves  between  the  sample  and  the  two  horns  since  the  horns  sre  outside 
the  terminations.  Thus,  these  sources  oi  error  sre  mininised  without 
displacing  the  sample  with  respect  to  the  horns,  as  is  commonly  done 
with  frec'Space  set-ups.* 

Terminations  used  for  vertically  polarized  waves  sre  different  then 
those  used  for  horizontal ly  polarized  waves.  Both  ere  shown  in  Fig.  46. 
Each  termination  consists  of  appropriate  lossy  elements  supported  parallel 
to  the  electric  fields  hy  rings  of  Styrofoam.  Gaps  sre  proviued  in  these 
rings  through  which  the  rsdeme  samples  can  be  inserted  The  lossy  elements 
used  with  vertically  polarized  waves  sre  wedges  of  resistance  paper 
3!^  inches  long  and  tapered  from  a  point  at  the  inside  of  the  termination 
to  0.9  inch  in  height  at  the  outaide  There  ere  230  of  theae  wedges 
spaced  less  than  a  hal f-wavelength  apart  so  that  diffraction  will  not 
occur  from  the  array  of  wedges.  Alternate  wedges  were  made  of  2400-ohm' 
per-square  and  12i J-ohm-per  square  materiel  to  give  an  attenuation  of  about 
10  db  for  waves  passing  through  the  termination  once.  The  lossy  element 
used  with  horizontally  polarized  waves  consists  of  a  ring  of  1200-ohm-per- 
square  reststance  paper  2\i  inches  wide  with  0 • 75- inch-deep  serrations  on 
the  inner  edge.  This  termination  also  has  an  attenuation  of  about  10  db 
over  the  frequency  band.  If  the  magnitude  of  the  amplitude  reflection 
coefficient  for  waves  incident  on  the  edges  of  the  parallel-plate  trans¬ 
mission  line  is  of  the  same  order  as  that  for  an  open-ended  rectangular 
waveguide  e.,  about  0.2),  10  db  of  attenuation  would  give  en  input  VSWR 
of  the  terminations  of  1.05.  The  actual  VSW  a  of  the  terminations  have 
not  been  determined,  but  they  seem  to  be  satisfactory. 

EQUIVALENCE  TO  FREE  SPACE 

Vertical  Polarization 

For  this  polariiation,  the  dominant  mode  that  can  propagate  in  the 
par al 1 e 1 -p 1  a t e  transmission  line  is  the  TEM  mode,  which  is  independent  of 
the  spacing  between  the  conducting  plates.  Because  of  the  symmetry  of 
the  horns,  only  the  dominant  mode  will  be  set  up.  The  electric  field  is 
perpendicular  to  the  conducting  plates,  which  are  in  turn  parallel  to  the 
plane  of  incidence.  Thus,  vertically  polarized  waves  incident  on  a  radome 
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BAsple  aountca  in  the  ptrnl I  el - pl«Le  tr&fitBiiftion  line  4fe  eatectly  equive- 
Icut  to  perpendicularly  polariied  »avea  incident  on  t  radotie  aaaiple  in 
free  apace.  The  incidence  angle  for  thii  ceac  i*  the  angie  fact»een  the 
normal  to  the  radotae  aurftce  and  the  line  beteeen  the  two  horna.  A  acaie 
ia  provided  on  the  top  plate  for  reading  thia  angle  oppoaite  an  index  mark 
on  one  of  the  home. 

HoBUOMTAL  POLABIZATION 

For  thia  polariiation,  the  doninant  node  that  can  propagate  in  the 
petal  lei -plate  tranamiaiion  line  ia  a  TE  mode  equivalent  to  the  TEjj  aiode 
in  a  rectangular  wavegaide  of  infinite  height  whoae  aide  walla  correapond 
to  the  conducting  piatea  of  the  parallel-plate  line.  Thia  TE  aiode  can  be 
reaolved  into  two  TEM  wavea  whoae  directiona  of  propagation  make  anglea  ^ 
and  with  the  line  joining  the  centers  of  the  two  horna,  aa  was  explained 
in  Appendix  B  of  Ref  1.  The  angle  ^  ia  given  by  Eq.  (42). 


Aa  a  simplification,  one  of  these  TEM  wavea  will  be  considered  as  the 
incident  wave  in  the  following  diacuaaion. 

The  plane  of  incidence  ia  defined  by  the  unit  vector  which  is 
normal  to  the  surface  of  the  radome  sample,  and  the  unit  vector  which 
ia  in  the  direction  of  propagation  of  one  of  the  above  mentioned  TEM  wives, 
as  indicated  in  Fig.  48.  In  Fig.  48.  the  xy-plane  ia  parallel  to  the 
ground  planes,  and  the  yz-plane  ia  taken  aa  the  face  of  the  radome  sample, 
therefore  "t,  *  and  the  electric  vector  £'  of  the  incident  wave  lies 
in  the  xy-plane.  The  angle  measured  from  to  i,  ia  defined  aa  s,  where 
i  ,  is  a  unit  vector  in  the  direction  of  a  reference  line  from  the  center 
of  the  receiving  horn  to  the  center  of  the  transmitting  horn.  The  angle  ft 
given  by  Eq .  (42)  is  measured  from  to  in  Fig.  48.  The  angle  of 
incidence.  &,  is  measured  from  to  and  is  given  by  Eq .  (43): 

cos  6  -  cos  u  coa  ft  .  (43) 

When  the  angle  a  is  lero,  the  plane  of  incidence  lies  in  the  xi-plane, 
thus  the  incidence  angle  is  ft,  and  the  incident  wave  ia  polarized  perpen¬ 
dicular  to  the  plane  of  incidence.  For  a  different  from  zero,  the  plane 


flG.  48 

COOROINATI  SYSTEM  FOR  HORIZONTAUV  POLARIZED  WAVES  IN  THE 
PARAim-J'u'.TE  TRANSMISSION-LINE 

of  incidence  is  inclined  from  the  «z-plane  and  thus  the  incident  wave  can 
be  resolved  iiuo  a  cumponcni  £Y|  polariied  parallel  to  the  plane  of  inci¬ 
dence,  and  a  coeponent  polariied  perpendicular  to  the  plane  of  incidence 
The  electric  vectori  £‘,  of  the  incident  wave  can  be  written  in  terms  of 
r.hese  components  and  in  terms  of  its  x-  ond  y-components  as  in  Eq ,  44: 

£•  ^  *  ‘u^ii  ■  sin  a  -  i^£‘  cos  a  144) 

whe  r  e 

£•  r  the  arplitadf  of  the  incident  wave 

a  uriu  i-ectof  perpendicular  to  the  plane  of 
me  I  lie  n  ^  e 

'.(I  -  a  unit  vector  parallel  to  the  plane  of  incidence 

and  perpendicular  to 
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E  T  f  '  '*'^•1 
^11  Ml  ' 


“  T  ,*''*'11 

c  — r-^ — r  /i]^ 

sin  c  " 


where 


Tj^.  T||  -  magnitude  of  the  amplitude  transmission 

coefficient  for  perpendicularly  and 
parallel  polarized  waves,  respectively 

'  phase,  delay  of  the  amplitude  transmission 
coefficient  for  perpendicularly  and  parallel 
polarized  waves,  respectively 

The  resultant  output  electric  vector.  E  ,  is  not,  in  general  horizontal 
due  to  differences  in  magnitude  and  phase  of  the  transnussion  coefficients 
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■ 

£T^c  *■  ij  ‘  £*  ■ 

where 

- 

the  Magnitude  of  the  anplitude  transmitaion 
coefficient  Measured  with  horizontally  polsriied 
waves  in  the  para  1 1  cl  •  plate  ttanamiasion  line. 

r,  ■ 

the  phase  delay  of  the  amplitude  tranamission 
coefficient  measured  with  horizontally  polarized 

waves 

‘ 

sin  a  "■  i  j  cos  a  •  a  unit  vector  parallel  ifi 
the  xy-plane  and  perpendicular  to  i^. 

Coabiniog  £qs.  (49),  (SO),  and  (Si)  gives 


/cos  a  sin 

'  T.  .-'"i  -  ( 

\  a  in  O'  / 

(52) 


Multiplying  both  sides  oX  Eq.  (52)  by  exp  f{2wI/X)  cos  t*)  and  solving 
for  Til  **P^“5V'ii>  gives  Eq.  (S3); 


Til 


(S3) 


where  and  arc  the  insertvon  phase  delays  of  the  radoae  sample 

for  incident  waves  of  the  respective  polarizations.  Using  the  parallel- 
plate  t r ansmiss i on •  1  i ne  set-''p,  and  arc  measured  as  functions  of 

incidence  angle  using  horizontally  polarized  waves,  and  Tj^  and  ypj.  are 
measured  as  functions  of  incidence  angle  using  vertically  polarized  waves 
From  these  data  the  transmission  coefficient  and  insertion  phase  delay 
for  waves  polarized  parallel  to  the  plane  of  incidence  can  be  calculated 
at  various  incidence  angles  using  Eq .  (53).* 


*  TS«  tSoi*  dirivecioB  Soldi  oaly  for  iiocrspic  ridoa*  lurficn.  It  ii  iiiuaid  till  clw  ipici  biCiiie 
tSi  ciTitiii  >B  tbf  rtaoBiBi -vil  1  rido*!!  ii  lufl'tciBBlly  im»U  la  tirau  of  iracapici  •ataltaalliB 
tbal  tSa  radoM  auifacaa  appiar  laoiropic, 
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The  atcufacy  «i  f  tHt*  >Jal»  oblaihed  wtlh  the  j;i«r  a  i  Im  1  ^  p  I  At  e  tranafttsaibh' 
J  iat  ict-  ttp  is  ilaitcs  cy  xh?  armr^'ry  »»»  pFii<-isi«R  stt-ssisiWi  —fesi 
pltiic  uaed  ttt  the  the  ire^uen%.‘v  alabiltty  oi  the  •ignal 

*ot<Sree.  anti  the  fcsidusl  mt  HriSl  t  he<*  het*een  rowponents  of  the  set' up. 

litc  pt-eeiaiun  attenuator  used  to  balance  the  bridge  has  a  rated 
accuratry  »tthtn  plus  or  ifiiHuk  tau  percent  oi  the  reading  tn  dctibela, 
thus,  betaeen  two  readinga  on  the  dii'l  there  taight  be  an  error  ol  four 
percent.  Tor  ratiomc  saaples  aith  power  tranaaiisalon  coefficient  greater 
than  05.  thi*  error  would  a»ount  to  leas  than  O.lil  tib,  or  three  per¬ 

cent  error  m  T^.  The  attmaatian  of  the  precision  (ihase  ahifter  ham  a 
rated  VArtattnn  of  lota  than  0  3  Jh  at  frcquenci.cn  from  d.2  to  10  kMc , 
and  Icaa  than  0  4  at  irequehetrs  10  to  li;.  4  kUc.  Thua  the  Haaimua  expected 
error  in  insertion  loss  due  to  errora  in  the  attenuator  and  phaae  ahiilci 
ia  piua  or  minus  0.511  JL.  The  conaiatcncy  of  the  data  auggeata  that  the 
error  la  significantly  smaller  than  thia  inaximuta  value. 

The  precision  phase  shifter  uacd  to  balance  the  bridge  has  a  rated 
maxiSium  error  of  2-U  degrees  at  frrquenciea  from  8.2  to  ID  kUc,  and 
3.0  degrees  from  10  to  12.4  kMc .  The  phaae  ahift  of  the  precision 
attenuator  has  a  tai>d  variation  of  less  than  1.0  degree  over  the 
attenuation  range  used  Thus  the  maximum  expected  error  in  inaertlun 
phase  delay  due  to  error.s  in  the  attenuator  and  jihaae  ahifter  ia  plus  or 
minus  l.O  degrees, 

Tiiti  signal  source  used  with  the  bridge  circuit  is  a  Varian  t^ssociatea 
X-13  klystron  oscillator  stahilised  against  rapid  tenperature  variations 
by  being  immersed  in  an  oil  bath.  This  klystron  provides  sufficient  poaer 
that  the  null  at  balance  of  the  bridge  is  not  obscured  by  the  noise  of 
the  receiver  circuits.*  As  a  result,  reference  readings  could  be  repeated 
at  the  end  of  most  expeiimenfc  ithin  an  arrwraev  of  plu.s  or  minus  0.05  db 
and  ti .  5  degrees 

Lrrors  due  to  mismai.h  beiueen  components  in  the  set-up  were  reduced 
by  placing  a  termination  around  the  edges  of  the  par  a  1 1 e I - p I  at e  trans¬ 
mission  line,  by  placing  fixed  pad.s  between  the  Itorns  and  the  other  wave¬ 
guide  components,  and  by  having  the  piecision  attenuator  and  phase  shifter 

*  T)k«  l«l>up  «!«•:'  Ihi  <rf*w4  .  I»«44y.'«  ti-gg  4'..’«CXlv  bdvvckimif  v>(f  B  i>(  iK* 

bridge  nd'.ag  lb*  }««.  >f  t  k;«  b*fv<«  «ad  *l<*f  lk«  tbit 

<  vp«  M44ure»«£i’.  .  ■  B.v.tti  «  i'gr.t.  lurb  gg  i.SiVf.  .a  Fif  4b  auMuMfll 
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ftarU  icuftlvUiuJ  ■uui'4«  kUj  Iu«J  Ttie  e»Qoliuis«ft  o£  tLe 

Maitaured  curves  tuggeatK  that  errors  due  to  Misinstch  are  anail. 

When  horlso&taiiy  paiarl^cs  waves  arc  used,  the  incldcuca  wugta 
approachea  a  MintMUft  value  of  fi  aa  th«  angla  A  approachaa  taro,  aa  ahowB 
by  tq.  <43}.  Furthermore,  bq.  (46)  ahowa  that  aa  a  goes  to  aero  the 
parailei'polarited  component  goea  to  aero.  Thua  it  ii  not  poaaible  to 
obtain  data  for  horiaontally  polariaed  wavea  incident  at  anglea  aaalLar 
than  The  accuracy  of  the  calculated  tranaatiaaion  coefficient  and 
tnaartion  phaae  delay  for  eayea  polariaed  parallel  to  tha  plana  of  inci¬ 
dence  is  poor  for  incidence  anglea  near  tha  ainimua  value,  since  £q.  (S3) 
then  involves  the  difference  between  quantities  of  nearly  the  aamc 
amplitude  and  phase. 

G^naideralion  should  also  be  given  to  the  fact  that  reaonant-wall 
radome  aamplea  auch  as  that  ahown  in  Fig.  12  have  aome  cavitiea  that  are 
aemicircular  rather  than  circular  in  cruaa  aection.  If  a  circular  wava- 
guide  aupporting  the  Tbj]  mode  ia  biaocted  by  a  plane  conducting  aurface 
that  ia  perpendicular  to  the  electric  field,  the  ficlda  in  the  waveguide 
are  not  affected.  On  the  other  band,  if  the  plane  conducting  aurface  ia 
parallel  to  the  electric  field,  the  T£j ^  mode  will  be  cut  off.  It  ia  seen 
by  analogy  that  the  aemicircular  cavitiea  will  propagate  energy  when  the 
waves  incident  on  the  radome  sample  are  vertically  polarised,  hut  that 
they  will  not  propagate  energy  when  the  incident  wevea  arc  borisontally 
polarised.  This  does  not  significantly  affect  the  measured  electrical 
performance,  however,  since  the  power  flow  for  borisontally  polarised 
waves  goes  to  xero  at  the  conducting  plates  forming  the  paral lei -plate 
transmission  line.  Thus,  very  little  energy  would  be  transferred  through 
the  semicircular  cavities  even  if  they  were  not  below  cut-off,  as  can  be 
verified  by  referring  to  the  curves  for  perpendicularly  pularixed  waves 
in  Figs.  13  and  16.  For  each  of  these  curves  there  ia  one  point  for  which 
the  incidence  angle  is  not  a  multiple  of  five  degreea.  These  points  were 
obtained  using  horiiontally  polariied  waves  with  a  ■  0,  and  it  ia  seen 
that  they  are  in  good  agreement  with  the  other  points,  which  were  obtained 
using  vertically  polarised  waves. 

Good  fit  between  the  radome  sample  and  the  conducting  platea  of  the 
parallel -plate  transmission  line  is  also  important.  In  order  to  obtain 
proper  mirror- imaging  of  metal  inclusions  embedded  in  the  rsdome,  it  is 
necessary  for  current  to  flow  between  moat  metal  inclusions  and  the  con¬ 
ducting  plates.  For  the  resonant -wal 1  radomes  discussed  in  this  report. 
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no  iifficulty  was  encountered  in  obtaining  aatiafactory  fit  of  the  aeaplee. 
llis  height  of  tke  *es  readily  held  to  eufficiently  cloae  toletancei 

that  contact  between  the  conducting  pUtca  and  the  aamplea  waa  obtained  at 
closely  spaced  points,  except  as  noted  for  the  reaonant -wall  radome  aample 
designated  as  Radome  C.  Any  gap  between  the  sample  and  the  conducting 
plates  is  a  waveguide  below  cut-off  when  horiiontally  polarized  waves  are 
incident  on  the  samples  tested,  thus  energy  will  not  propagate  through  the 
gap.  For  vertically  polarized  waves,  however,  a  gap  will  be  a  low- impedance 
transmission  line,  through  which  significant  energy  may  propagate  at 
resonances  of  this  length  of  trsnsmisaion  line.  Erratic  behavior  of  the 
radome  performance  was  observed  due  to  such  resonances,  but  it  was  usually 
possible  to  damp  out  these  resonances  by  placing  a  lossy  dielectric  in  the 
gaps.  The  particular  lossy  dielectric  used  was  Liqui-moly  W  grease,  a 
suspension  of  molybdenum  particles  in  a  greaae-like  glycol  vehicle.  The 
dielectric  constant  and  loss  tangent  of  this  material  was  measured  by  the 
thin-sample  technique  described  in  Ref.  18.  and  found  to  be  £  -  2.9.  and 
tan  S  "  0.13.  Uncertainty  as  to  the  exact  thickness  of  the  sample  could 
contribute  plus  or  minus  3b  percent  error  to  these  figures. 
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CHARACTERISTIC  ADMITTANCE  OF  RESONANT- WALL  RAD01£S 

A  variational  solution  is  given  by  Marcuvitz*  for  the  problem  of  a 
recta>'gular  waveguide  terminated  by  a  circular  waveguide  as  shown  in 
Fig  49(a).  The  manner  in  which  this  solution  can  be  used  to  calculate 
the  characteristic  admittance  of  resonant  -  wal  1  radoities  will  be  described 
in  this  appendix.  The  exact  analogy  that  exists  between  the  dominant 
TCjg  mode  in  rectangular  waveguide  and  perpendicularly  polarized  TE&I  waves 
in  free  space  has  been  pointed  out  in  Appendix  B  of  Bef.  1,  as  well  as  in 
many  microwave  textbooks.  Thus,  some  similarity  between  the  problem  con¬ 
sidered  by  Marcuvitz  and  the  resonant- wall  radome  is  immediately  apparent. 
The  greatest  differences  are  that  for  the  problem  solved  by  Marcuvitz, 
the  circular  waveguide  is  not  filled  with  dielectric,  and  its  diameter  is 
small  enough  that  it  is  below  cut-off  for  all  modes, 


(c) 


FIG.  49 

RECTANGULAR  WAVEGUIDES  TERMINATED  BY 
CIRCULAR  WAVEGUIDES 
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The  foruule  given  in  Ref.  4  for  the  cherecterietic  edmittancet 
of  the  single  circular  waveguide  below  cut-off  terminating  a  rectangular 
waveguide  is 


1  -  (0.853 

Fo  0.446  o6\,  / 

a.706  D\  2 

I'o  ■  ■■'  0=  f'' 

^  ^  ) 

igj 

where 


(54) 


Yf^  “  the  characteristic  admittance  of  the  rectangular 
waveguide 

»  the  guide  wavelength  in  the  rectangular  waveguide 

A.  free-apace  waveguide 

J'^  ■  the  first  derivative  of  the  Dessel  function  of 

the  first  kind  of  the  first  order. 


The  dimensions  a.  b,  and  D  are  defined  on  Fig.  49.  If  two  circular  wave¬ 
guides  below  cut-off  are  used  to  terminate  a  rectangular  waveguide,  as  in 
Fig.  49(c),  Eq.  (54)  still  applies,  since  each  of  these  circular  waveguides 
couples  less  strongly  to  the  rectangular  waveguide  than  does  the  circular 
waveguide  in  Fig.  49(a).  The  unnormaliied  admittance  of  the  circular 
waveguides  can  be  obtained,  recalling  that  in  the  rectangular  guide 


•  cos  6 


and  taking  the  definition  of  F.  as 


cos 


377 


(55) 


(56) 


The  incidence  angle  for  the  two  TEM  components  of  the  TEj^  rectangular- 
waveguide  mode  is  found  from  Eq.  (57); 


e 


(57) 
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Combining  Eqa.  <S4),  (55),  and  (56),  Eq,  (58)  result*: 


0.892 

377 


©■•F 


(58) 


Equation  (58)  is  written  £or  the  case  of  a  rectangular  waveguide  of 

«» 

height  s  and  width  2s.  For  this  special  case,  the  images  of  the  two 
circular  waveguides  formed  in  the  walls  of  the  rectangular  waveguide 
lie  in  a  square  array  with  center^to-center  spacing  s 


For  circular  waveguides  filled  with  dielectric  of  relative  dielectric 
constant  Cj.  the  X  in  the  radical  of  Eq  (58)  is  replaced  by  Xj  X/v'¥J, 
Equation  (58)  can  then  he  simplified  by  carrying  out  the  following 
algebraic  manipulations: 


X  [  /1.706  D\  ^  X  //I  706  D\ 

[■^)  -  ■  ‘3] f-rr) 


1.706 


i .  (-±i-) 

I  V1VO6  dJ 


(59) 


«  1 . 706  I  e j  ~ 


=  1.706 


where  X^^  is  the  guide  wavelength  in  the  circular  waveguides,  as  given  by 
Eq.  (7)  of  the  text.  Combining  Eqs.  (58)  and  (59),  the  characteristic 
admittance  of  a  thick  metal  plate  perforated  by  a  square  array  of 
dielectric- filled  circular  waveguides  is  given  by  Eq.  (60): 
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Equation  (16)  o£  the  text  ii  obtained  from  Eq.  (60)  by  replacing  the 
taotor  1.SS2  b^y  tba  ^ysboi  and  iacludiog  a  ia&toc  A  •  1  as  O.S/S 
for  the  circular  waveguidea  in  a  aquare  array  or  a  hexagonal  array, 
reapectively .  It  aeena  aomewhat  fortuitoua  that  Marcuvitz's  formula,  which 
waa  derived  for  an  air-filled  circular  waveguide  below  cut-off,  could  be 
extended  with  any  degree  of  accuracy  to  apply  to  a  dielectr ic - f il led  wave¬ 
guide  propagating  the  dominant  mode.  Although  the  use  of  Eq.  (16)  gave 
good  results  in  calculating  the  performance  of  Radomes  A  and  B,  it  is  felt 
that  Eq.  (16)  should  be  proven  over  a  wider  range  of  dielectric  constants, 
cavity  diameters,  and  cavity  arrangements  before  it  can  be  used  with 
complete  confidence 
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